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Abbreviation 
 
    AFM                        Atomic force microscopy 
    ARG/GF                  Alkali-resistant glass/Glass fibre  
    CF                            Carbon fibre 
    CNT/CNTs              Carbon nanotube/carbon nanotubes 
    CVD                        Chemical vapour deposition 
    DC                           Direct current 
    DGEBA                   Diglycidyl ethers bisphenol A 
    DGEBF                    Diglycidyl ethers bisphenol F 
    (M)DSC/DSC          (Modulated) Differential scanning calorimetry 
    EPH 960                   2, 2'-dimethyl-4, 4'-methylenebis(cyclohexylamine) 
    FRPs                         Fibre reinforcement polymer composites 
    GF                            Gage factor 
    GNP/GNPs               Graphene nanoplatelet/graphene nanoplatelets 
    IFSS                          Interfacial shear strength    
    NTC                          Negative temperature coefficient 
    PDMS                       Silicone resin 
    PhCs                         Photonic crystals 
    PTC                          Positive temperature coefficient 
    SDBS                       Sodium dodecyl benzene sulfate 
    (FE)SEM                 (Field emission) scanning electron microscope  
    SHM                        Structural health monitoring 
    SMS                         Smart materials/structures  
    S/N                           Signal-to-noise ratio 
    TEC                         Thermal expansion coefficient 
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    TEM                         Transmission electron microscopy 
    XPS                          X-ray photoelectron spectroscopy 
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Symbol 
 
ac–c                                Carbon–carbon distance 
c                                    Light speed 
C                                   Concentrations of the volatile vapour 
CG                                 Concentration of GNPs 
d                                    Diameter of the single filament  
e                                    Electron charge 
EF                                  Fermi energy   
ET N                                  Solvent polarity parameter 
f                                     Wetting force; Frequency  
F                                    Force 
fm, Fm                             Mass flow rate 
Fγ                                   Pre-load  
g                                    Acceleration of gravity 
h                                    Planck’s constant 
ID/IG                              D-to-G band intensity ratio 
K, K′                             Dirac point 
le                                    Embedded length between fibre and matrix 
L                                    Gauge length, electrode-electrode distance 
<L>                               Mean flake length 
n                                    Refractive index 
px, py,  pz                        Hybridized orbitals 
P, Pi                              Pressure, saturated partial pressure  
R                                   Resistance  
RH                                Relative humidity                           
Ro                                  Initial resistance 
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Ropt                                Optical reflectance 
Rrel                                 Relative electrical resistance change 
Rt                                   Transient resistance 
∆R                                  Resistance change  
RNP, Rcont, Rtun                Nanoparticle’s resistance, contact resistance, tunnelling resistance  
t                                     Time 
T                                    Temperature 
Topt                                 Optical transmittance  
υ                                     Velocity  
V                                    Volume 
V0                                   Characteristic interaction constant  
<W>                               Mean flake width  
γ                                     Hopping energy 
γSG                                  Solid-vapour interfacial energy 
γSL                                  Solid-liquid interfacial energy  
γLG                                  Liquid-vapour interfacial energy 
θ                                    Contact angle  
λ                                     Light wavelength 
π, π∗                               Symmetry orientation 
ρglass                               Specific volume resistance 
∆ρ                                  Difference in density  
σf                                    Tensile strength  
σt                                    Fineness  
τ                                     Interfacial shearing strength                     
τ0                                    Backscattering rate from atomically sharp defects in graphene lattice 
ϕ                                     Height of potential barrier between adjacent particles  
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1 Motivation and Approach 
Fibre reinforcement polymer composites (FRPs) consist of high strength or modulus fibres 
embedded in a matrix with distinct interphases (interfacial boundaries) between them [1]. 
Because of relatively low density of fibre and polymer matrix, the strength-weight ratios and 
modulus-weight ratios of FRPs are markedly superior to those of metallic materials. In 
addition, fatigue strength as well as fatigue damage tolerance of FRPs are excellent. For these 
reasons, FRPs are becoming increasingly popular materials used in aircraft, military and 
civilian structures such as automotive, sporting goods, marine and so on [2]. The principal 
fibres to reinforce polymer in commercial use are various types of glass fibre (GF), carbon 
fibre (CF) and Kevlar fibre (polyparaphenylene terephthalamide), et. al. Due to the relatively 
low cost (compared to Kevlar and carbon) and fairly good mechanical properties, glass fibres 
are the most widely used reinforcement material.  
Generally speaking, FRPs are mainly used as structural materials and research on FRPs 
extensively focused on its mechanical properties, such as adhesion, strength, toughness and 
modulus. It is also recognized that durability management is becoming more and more an 
important research topic. Material damage monitoring will be the key to decide on 
replacement or repair. Hybrid structural materials such as lay-ups in airplane materials should 
therefore be designed with damage monitoring, repairability and recyclability in mind. 
Unfortunately, damages in composite structure are difficult to be detected and may cause a 
catastrophic failure of structures. Traditionally, structural health monitoring (SHM) is the 
process of implementing a failure identification strategy for aerospace, civil and mechanical 
engineering infrastructure, where the failure is defined as changes to the material and/or 
geometric properties of these systems, including changes to system connectivity and the 
interphases, such as fibre-matrix debonding adversely affects the system’s performance [3]. 
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By improving early detection of failures, SHM technologies can reduce composite’s life cycle 
cost, reduce inspection times, help to expedite repair planning via remote diagnosis, greater 
understanding of as-experienced loads and environments and potentially enable higher 
performing structural designs [3]. Up to now, progress is made from both academia and 
industry. Experiments have been reported on embedding conductive fillers, optical fibres as 
well as piezoelectric sensors/actuators in polymer to checks the variations of time-frequency, 
acoustic emission, Raman band shift signals and so on [4-8]. However, detrimental effects on 
the integrity of the structure are induced by embedding sensor and the implementation of 
complex equipment remains a technical challenge for field application [9, 10]. 
It is well known that composite interphase exists between fibre and matrix is a key region of 
the composites, which transfers the stresses from the matrix to the fibres and affects many 
mechanical properties. The efficiency of the interphase is influenced by various 
physical/mechanical/chemical interactions, as well as the mechanical property profile of 
structural composites [11]. Considering the fact that the dominating failure mode in fibre-
reinforced polymer is interfacial debonding/deformation under transverse loading of 
continuous fibres, in other words, the damage/deformation dominantly occurs in the 
interphase region, the early detection of the interphase damage/deformation is highly desired. 
The concept of the early detection of the interphase damage/deformation is recently proposed 
for structural health monitoring [12-14]. 
Taking a further approach, we can be inspired by the skin of mammals, which contains a 
variety of nerve ending and has excellent sensation function that jump to temperature, touch, 
pressure, vibration, and tissue injury. The nerve endings play as stimuli receptor and send 
electrical signal so that the brain know what happened. To mimic the sensation and response 
mechanism of the skin, we can let the reinforcement fibres to wear artificial ‘smart coating’ to 
realise in-situ sensing properties. Smart coatings are designed to be sensitive to various 
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external and internal stimuli, thereby enhancing the surface functionality of materials [15].  
The most sophisticated part of smart coatings is the development of nanoparticles with 
sensitive shells, high loading capacity, and uniformly distributed for the coating matrix [15]. 
Carbon nanoparticles, such as carbon nanotubes (CNTs) and graphene nanoplatelets (GNPs), 
are ideal candidates of nanoparticles, because of their structure (one-dimension structure (1D) 
with nanoscale diameter and two-dimension structure (2D) with nanoscale thickness 
respectively) and exceptionally electrical properties and high mechanical properties [16-18]. 
Thus, the experimental routes to fulfil the objectives of this work are listed in the following: 
• Preparing GNPs solution through the liquid-phase exfoliation graphite method and 
characterizing the structure and size of GNPs. 
• Depositing GNPs onto electrically insulating glass fibres surface to form continuous 
electrically conducting GNPs coating by suppressing the ‘coffee ring’ effect. 
• Observing the morphology of the GNPs coating on glass fibre and measure the 
electrical property of the GNPs-glass fibres. 
• Evaluating the sensitivity of our GNPs-glass fibre with gas (such as water vapour, 
ethanol, acetone), temperature, strain/stress···. 
• Realizing the structural health monitoring by embedding our nerves-like GNPs coated 
glass fibre into epoxy resin. 
In summary, the overview of research outlines for developing bio-inspired multifunctional 
coatings and composite interphases are shown in Figure 1.1. 
 
 
 
- 4 - 
 
GNPs-glass fibre
Graphene
Graphite
Glass fibreQualities
Liquid phase exfoliation
Doposition Process
Epoxy resin
GNPs-glass fibre/epoxy composite
Properties Structure
PropertiesStructure
Electrical 
Photonical
Chemical
Electrical PhotonicalMechanical
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Overview of the work plan in this research. Firstly, prepare graphene 
solution by liquid phase exfoliation method; secondly, to deposit GNPs onto glass 
fibre by a fibre oriented capillary method; at last, observe the coating structure and 
study the properties (single fibre and single fibre/epoxy composite interphase). 
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2 Introduction 
2.1 Fibre reinforced polymer composites 
Over the last 2,000 million years, plant and animal life on earth has continuously evolved 
from its simple beginnings in the oceans to the complex structures lived today. Many of them 
grow with composite structures of matrix materials by reinforcement of fibre filaments. The 
man-made fibre-reinforced polymer composites (FRPs), however, began to be really 
developed until the second half of the 20th century. This was possible as organic resins had 
begun to be produced in the 1930s and in the same decade the first synthetic fibres were made. 
By definition, FRPs consist of high strength or modulus fibres embedded in or bonded to a 
polymer matrix with distinct interphases (boundaries) between them [1].  FRPs represent a 
basic approach to designing structural materials when compared with traditional materials 
such as ceramics and metals.  
Today, the use of lightweight structural materials significantly grows across industries, 
composite materials become increasingly important in innovative lightweight materials 
(Figure 2.1). The reason is obvious—by reducing the structural weight to save energy. We can 
quantify the effect of weight for a given material through the specific properties of the 
material. It is known that the specific properties are given by dividing its ultimate strength and 
elastic modulus by its density. In compare to the most commonly used metals: steel, 
aluminium and titanium, it is interesting to note that almost the similar values of specific 
modulus of glass fibre and significantly higher values of carbon fibre and Kevlar fibre are 
clearly shown in table 2.1 [19]. 
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Figure 2.1: Application of fibre reinforced polymer composites. 
Table 2.1: Comparison of specific moduli of some common metals and fibres [19]. 
 
Materials 
Specific 
gravity 
Young’s 
modulus 
(GPa) 
Specific 
modulus 
(GPa) 
Steel 7.9 200 25.3 
Aluminium 2.7 76 28 
Titanium 4.5 116 25.7 
Glass (bulk and fibre) 2.5 72 27.6 
Carbon (high strength fibre) 1.8 295 164 
Carbon (ultra-high modulus fibre) 2.16 830 384 
Kevlar fibre 1.45 135 93 
Zylon fibre 1.56 280 180 
 
In composites, both matrix and fibres maintain their chemical and physical properties, yet 
they produce a combination of properties that cannot be achieved with either of the 
www.airbus.com 
www.lmwindpower.com  
www.inhabitat.com  
www.bmw.com  
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constituents acting alone. In general, fibres act as load-carrying members, while the 
surrounding matrix keeps them in the desired location and orientation, acts as a load transfer 
medium between them, and protects them from environmental damages, such as elevated 
temperatures and humidity. Thus, the fibres provide reinforcement for the matrix, but the 
latter serves a number of useful functions in FRPs. The term interphase, meaning a finite 
interlayer with distinct physico-chemical properties between the fibre and matrix, has been 
introduced in the 1970s [20]. The interphase controls the interactions between fibre and 
matrix and also the mechanical property profile of structural composites. The mechanical 
properties of FRPs, such as tensile strength and modulus, are mainly controlled by the tensile 
properties of fibre, its volume fraction, orientation (relative to loading) and length. Thus, the 
interphase is the key factor of composite performance.  
Next, I will introduce the three parts—fibre, polymer matrix and interphase—in composites 
respectively. 
 
2.1.1 Fibres 
The most commonly used commercial fibres are various types of glass, carbon as well as 
Kevlar fibre. As the low cost and ease of use for manufacturing, glass fibres are the most 
widely used reinforcement for composites, even though glass fibres offer less weight savings. 
There are two types of glass fibre: continuous and staple fibres. They are different in their 
properties, production technology and purpose. Continuous fibre has an indefinitely large 
length and rectilinear parallel arrangement of filaments in strands, whereas staple fibre has a 
limited length and a tortuous and chaotic arrangement of filaments in space [21]. The process 
of continuous fibre formation can be divided in to five steps: batching, melting, forming fibre, 
coating and drying/packaging. Figure 2.2 shows the glass fibre spinning device of our institute. 
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The component of glass fibre is silica (SiO2) with others oxides, such as BaO, ZrO2, CaO and 
so on. Different type of glass fibres have different oxide compositions which is shown in table 
2.2. Table 2.3 indicates some properties for various types of glass fibre. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2: Scheme of glass fibre extrusion in spinning device [22]. 
 
 
- 9 - 
 
Table 2.2: Compositions of different types of glass fibre [21, 23]. 
 A glass C glass D glass E glass AR glass S glass 
High 
alkali 
Chemical 
resistance 
Low 
dielectric 
Low 
electrical 
Alkali 
resistance 
High 
strength 
SiO2 63-72 64-68 72-75 52-56 55-75 55-60 
Al2O3 0-6 3-5 0-1 12-16 0-5 23-28 
B2O3 0-6 4-6 21-24 5-10  0-0.35 
CaO 6-10 11-15 0-1 16-25 0-8 8-15 
MgO 0-4 2-4  0-5 1-10 4-7 
BaO  0-1     
Li2O     0-1.5  
Na2O+K2O 14-16 7-10 0-4 0-2 11-21 0-1 
TiO2 0-0.6   0-1.5 0-12  
ZrO2     1-18  
Fe2O3 0-0.5 0-0.8 0-0.3 0-0.8 0-5 0-0.5 
F2 0-0.4   0-1 0-5 0-0.3 
 
 
Table 2.3: Physical and mechanical properties of different types of glass fibres [23]. 
 A glass C glass E glass AR glass S glass 
Density (g/cm3) 2.44 2.52 2.58 2.70 2.54 
Tensile strength (MPa) 3310 3310 3445 3241 4135 
Young’s modulus (GPa) 68.9 68.9 72.3 73.1 85.5 
Elongation (%) 4.8 4.8 4.8 4.4 4.8 
Volume resistivity (Ω·cm) 1.0E+10  4.02E+14  2.03E+14 
Surface resistance (Ω)   4. 20E+15  6.74E+13 
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2.1.2 Polymer matrix 
The major roles of the polymer matrix in a fibre-reinforced composite are: (1) to provide a 
barrier against an adverse environment, such as chemicals and moisture, (2) to keep the fibres 
in place, (3) to protect the surface of the fibres from mechanical degradation (e.g., by 
abrasion), and (4) to transfer stresses between the fibres [24]. The matrix plays a relative 
minor role in the tensile load-carrying capacity of a composite structure. 
Polymers are divided into two broad categories: thermoplastics and thermosets. In a 
thermoplastic polymer, individual molecules are not chemically joined together. They are held 
in place by weak secondary bonds or intermolecular forces, such as van der Waals bonds and 
hydrogen bonds. With the application of heat, these secondary bonds in a solid thermoplastic 
polymer can be temporarily broken and the molecules can be moved relative to each other; on 
the other hand, by cooling them, the molecules can be frozen in their new configuration and 
the secondary bonds are restored, resulting in a new solid shape. Thus, a thermoplastic 
polymer can be heat-softened, melted, and reshaped as many times as desired. 
In a thermoset polymer, the molecules are chemically joined together by cross-links, forming 
a rigid, three-dimensional network structure. Once these cross-links are formed during the 
polymerization reaction (also called the curing reaction), the thermoset polymer cannot be 
melted by heating. However, if the number of crosslinks is low, it may still be possible to 
soften them at elevated temperatures. There are various polymer matrix materials that have 
been used either commercially or non-commercially. Among these, thermoset polymers, such 
as epoxies, vinyl esters, and polyesters, are most commonly used matrix material in fibre 
reinforced composites, mainly because of the ease of processing due to their low viscosity. 
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2.1.2.1 Epoxy resin 
Epoxy resins are low molecular weight pre-polymers or higher molecular weight polymers 
which normally contain at least two epoxide groups [25]. The epoxide group is also 
sometimes calling as a glycidyl or oxirane group. The most commonly used epoxy resins are 
diglycidyl ethers bisphenol A (DGEBA) epoxy resin (Figure 2.3), diglycidyl ethers bisphenol 
F (DGEBF) epoxy resin, novolac epoxy resin, aliphatic epoxy resin and glycidylamine epoxy 
resin [26-28]. 
 
 
 
 
Figure 2.3: The structure of DGEBA epoxy resin (left) and a commercial amine curing 
agent EPH 960 (right). 
 
In general, uncured epoxy resins have only poor properties, such as mechanical, chemical and 
heat resistance properties. However, it obtains good properties by reacting with suitable 
curing agent to form three-dimensional cross-linked thermoset structures. This process is 
commonly referred to as curing. The curing agents for epoxies usually include amines, 
polyamides, phenolic resins, anhydrides, isocyanates and polymercaptans. According to the 
process and properties required, resins and hardeners should be chosen properly for that the 
stoichiometry of the epoxy-curing agent system also affects the properties of the cured 
material. Different types or amounts of curing agents lead to variable cross-link density and 
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molecule structure. Amines and amine-functional amides are the most commonly used curing 
agent for high-performance. In our case, we used an amine curing agent 2, 2'-dimethyl-4, 4'-
methylenebis(cyclohexylamine) (commercial name EPH 960). The typical reactions between 
epoxy and amine hardener are shown in Figure 2.4 [29]. 
 
 
Figure 2.4: Curing reaction for an epoxy-amine system: (a) primary amine reacts with 
epoxide ring; (b) secondary amine reacts with epoxide ring and (c) etherification 
reaction between epoxy groups. 
 
The epoxy-based materials can be used in extensively field, including coatings, adhesives and 
composite materials, for that epoxies are known for their excellent adhesion, chemical and 
heat resistance, good-to-excellent mechanical properties and very good electrical insulating 
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properties. Variations offering high thermal insulation, or thermal conductivity combined with 
high electrical resistance for electronics applications, are available [30]. 
 
2.1.3 Interphase of FRP composites 
The term interphase, meaning a finite interlayer with distinct physico-chemical properties 
between the fibre and matrix, has been introduced in the 1970s [20]. The interphase controls 
the interactions between fibre and matrix and also the mechanical property profile of 
structural composites. Thus, the interphase of FRPs is the key factor of composites 
performance, and even more, the interphase is a sensitive phase for structure health 
monitoring [11]. Figure 2.5 shows the schematic diagram and a typical atomic force 
microscopy (AFM) image of interphase region in FRPs [31, 32]. 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: The interphase in FRPs: (left) scheme of three phases in FRPs; (right) 
typical AFM phase image of interphase in FRPs [31, 32]. 
Fibre 
Interphase 
Polymer matrix 
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Figure 2.6: Direct single fibre (or fibre bundle) tests on microcomposites to determine 
the interfacial shear (or tensile) strength values of the interphase, schematically: (a) 
single-fibre fragmentation test, (b) single-fibre push-out test, (c) microbond test, (d) 
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pull-out test, (e) bundle fragmentation test and (f) bundle transverse tensile test. 
Indirect tests on macrocomposites for the determination of the interlaminar shear (or 
tensile) strength, schematically: (g) short beam shear test, (h) transverse tensile test, 
(i) in-plane shear test (± 45°), (j) interlaminar delamination under mode I, (k) 
interlaminar delamination under mode II. 
 
The study of composites interphase has extensively focused on interphase modification to 
improve the mechanical properties of the composites. Accordingly, methods were developed 
to measure the interfacial shear strength (IFSS) or tensile strength based on direct test and 
indirect approach [11].  The test methods are summarized in Figure 2.6. The test results based 
on these methods provide the materials engineers with reasonable choice in materials 
application. However, estimation of a composite structure’s state based on mechanical 
characterisation of interphase is a challenging task. 
Nowadays, the demand of structural durable and “health” monitoring of materials is 
increasing, especially in the application areas, e.g. airplane and aerospace, where structure 
safety is one of the most important issues. Thus, materials studies should not only focus on 
the mechanical properties, but also on the mechanism of materials damage and even should 
monitor the “health condition” (or physical and mechanical condition) to ensure the safety of 
the materials. While the monitoring of the overall structural state has been and still is 
intensively researched, further efforts are required to provide efficient and effective 
monitoring of the composite interphase which can be realized with the development of 
advanced technology, particularly the nanotechnology. 
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2.2 Smart materials/structure 
Since the end of the 1980s, it has seen great interest in the development of smart materials 
with autonomic functionalities. As shown in Figure 2.7, the concept of smart 
materials/structures (SMS) can be considered as a great step in the general evolution of man-
made materials [33]. 
 
 
 
 
 
 
 
Figure 2.7: General evolution of human used materials/structures. 
 
The properties of SMS should response to changing environmental conditions. It is need to 
make SMS active, controllable and sensitive. Typically, SMS follows three development 
stages: i) controlling shape, ii) controlling vibrations, iii) and controlling structural health [33].  
Almost all achievements in this field are that to make materials/structures sensitive by 
embedding various kinds of sensors [34-37]. One recent interesting topic towards smarter 
structures would be to realize self-healing, in which, but more progress needed [38-40].   
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Nature is a great engineer, very often, researchers make sensitive structures by biomimetic, 
such as study the function of living skin because skin is really an auto-adaptive smart 
structure controlling its integrity [41]. At the micro scale, the number and variety of skin 
sensors (see Figure 2.8) is way beyond what is possible with man-made sensitive structures 
(in one human hand there are more than 100,000 sensors!) [41]. Thus, it is a big challenge to 
produce intelligent/smart materials as the skin.  
 
 
 
 
 
 
 
Figure 2.8:  Sketch of human skin showing the variety of sensors and actuators. 
 
 
 
 
 
Figure 2.9: Scheme of sensing function of nerves system. The skin works as receptor 
sending signal to brain through nerves system when it receives a stimulus.  
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The skin is so smart because it has nerves system control by a central processor—brain (see 
Figure 2.9). The gap between man-made materials and nerves system is relative smaller and 
study of the functioning of the nerves system and the brain is useful when conceiving control 
systems (adaptive control influenced by the environment) [42]. Recently, more and more 
works have achieved this function [43-46]. These studies are mainly through embedding 
sensors in the structure to detect the damage. But for FRPs, in-situ detection or monitoring in 
the composite interphase is consider as direct and effective method [13]. To realize in-situ 
monitoring of composite interphases, smart coatings based on nanostructured particles on 
fibre surface is proposed in this work. It can provide either autonomic response to fluctuations 
and variations of the coating integrity (disruption, melting) or stimulated response to changes 
in the external environment (see Figure 2.10) [15]. The response action depends on the 
functionalities that the coatings attain during their preparation.  
 
 
 
 
 
 
 
Figure 2.10: Scheme of a smart coating. It can provide either autonomic response to 
fluctuations and variations of the coating integrity (disruption, melting) or stimulated 
response to changes in the external environment. 
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2.2.1 Nanoparticles 
The most important part for smart coatings is the development of nanoparticles which are 
sensitive, high loading capacity, and good affinity for the coating matrix. The nanoparticles 
have to be robust, sensitive to external stimuli, and well dispersed in the coating [15].  Each of 
these parameters is essential for the active property of the smart coatings. The nanoparticles 
which are used to prepare the smart coatings include the metal nanoparticles (such as Ag, Au, 
Cu and Pt) [47-50], oxide (such as SiO2, TiO2, ZnO, Al2O3, CuO, Fe2O3) [51-56] and carbon 
materials (such as carbon black, CNT, C60 and graphene) [57-60]. Among these nanoparticles, 
the most extensively studied nanoparticles in recent studies are CNT and graphene which are 
highly sensitive to external stimuli. 
 
2.2.2 Graphene 
Graphene is a flat single layer of carbon atoms that are tightly packed into a honeycomb-like 
crystalline lattice in a 2D fashion [61]. The remarkable properties of graphene reported in the 
literature are as follows: Young’s modulus is about 1100 GPa; fracture strength is 125 GPa; 
thermal conductivity is about 5000 W m−1 K−1; mobility of charge carriers is 200000 cm2 V−1 
s−1; and specific surface area calculated value is 2630 m2 g−1 [62-64]. The distinctive 
electronic, thermal and mechanical properties of graphene make graphene a very promising 
candidate for a wide range of applications in nanoscience and nanotechnology. Some of its 
interesting properties and its technological implications are discussed hereafter. 
 
2.2.2.1 Electronic structure 
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Graphene is defined as a single layer of carbon atoms arranged in a hexagonal lattice, as 
illustrated in Figure 2.11. The primitive cell of graphene is composed of two non-equivalent 
atoms, A and B. These two sub-lattices are translated from each other by a carbon-carbon 
distance ac–c = 1.44 Å. A single carbon atom has four valence electrons with a ground-state 
electronic shell configuration of 1s22s22p2. In the case of graphene, the carbon-carbon 
chemical bonds are generated by the superposition of 2s with 2px and 2py orbitals according to 
hybridized orbitals theory. The planar orbitals form the energetically stable and localized σ-
bonds with the three nearest-neighbour carbon atoms in the honeycomb lattice. The σ-bonds 
are responsible for most of the binding energy and for the elastic properties of the graphene 
sheet. The remaining free 2pz orbitals present π-bonds and these orbital states overlap between 
neighbour atoms to form conjugated π-bond. The conjugated π-bond plays a major role in the 
electronic properties of graphene. For this reason, a good approximation for describing the 
electronic structure of graphene is to adopt an orthogonal nearest-neighbour tight-binding 
approximation assuming that its electronic states can be simply represented by a linear 
combination of 2pz orbitals [65]. Solving the Schrödinger equation, one can obtain the energy 
dispersion relation of π (bonding) and π* (antibonding) bands [65-67]. 
 ,  = ±
1 + 4 cos √  cos   + 4 cos       (2.1) 
where kx and ky are the components of the k vector that are folded onto the first hexagonal 
Brillouin zone (shown in Figure 2.11) and γ = 2.75 eV is the hopping energy.  
In Figure 2.11, one can see the band structure of graphene obtained from such a simple tight-
binding model. The band structure yields symmetric conduction and valence bands with 
respect to the Fermi energy (also called the charge neutrality point or Dirac point) set at 0 eV. 
Graphene valence and conduction bands are degenerate at 6 points located on the corners of 
- 21 - 
 
the Brillouin zone, also called K and K′ valleys [68]. The hexagonal region (Brillouin zone) 
has a side length of 4π/3a and delineates the Fermi surface of the graphene as shown in Figure 
2.11. Since the Fermi surface of graphene is compacted to a zero dimension zone composed 
of a finite set of 6 points on its Brillouin zone, graphene is usually termed a semimetal 
material with no overlap or zero-gap semiconductor [69]. It is easy to know that the electronic 
properties of graphene are invariant by interchanging the K and K′ states, which means that 
the two valleys are related by time-reversal symmetry. Fascinating physical phenomena can 
be unveiled while attempting to break this effective time-reversal symmetry. The exceptional 
thermal, optical, and electrical property of graphene is the result of its extended π-π 
conjugation [69]. 
 
Figure 2.11: Schematics of the crystal structure, Brillouin zone and dispersion 
spectrum of graphene [68]. 
 
2.2.2.2 Electrical properties 
Pristine graphene is a zero-gap semiconductor [69]. The sp2 hybridized carbon atoms are 
arranged in hexagonal fashion in a 2D layer. A single hexagonal ring contains three strong in-
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plane sigma bonds perpendicular to the planes [70]. Different graphene layers are bonded by 
weak pz interaction, whereas strong in-plane bonds keep hexagonal structure stable and 
facilitate the delamination of 3D structure (graphite) into individual graphene sheets by the 
application of a mere mechanical stress [70]. 
The electrical conductivity of graphene is directly related to the quality of the graphene. For 
example, the higher the quality of graphene is (i.e., low defect density of its crystal lattice), 
the greater will be its conductivity. In general, defects which destroy the conjugated π-bond 
act as scattering sites and block the charge transport by limiting the mean free path of the 
electron. Based on evidence, pristine graphene is free from defects, and its conductivity is 
affected by a number of extrinsic sources [70]. 
The major factors that affect the conductivity of graphene include surface charge traps, 
interfacial phonons, and substrate ripples [70-74]. The band structure of graphene can be 
altered by lateral quantum confinement by constraining the graphene within nanoribbons or 
graphene quantum dots and by biasing bilayer graphene [70, 75-81]. Band gap opening in 
both zigzag and armchair nanoribbons was noticed. Further, this has been proven both 
experimentally and theoretically, and it varies with the width of the ribbons and disorder in 
the edges [7, 82]. Doping and edge functionalization alter the band gap in nanoribbons [70, 
83]. 
Non-covalent functionalization or physisorption refers to the process in which the electronic 
structure of graphene is barely perturbed. The weak binding can be established through forces 
such as van der Waals or electrostatic dipole-dipole interactions. These functionalizations, 
especially those are weak in mechanical binding but strong in electronic coupling, hold great 
promises in the various applications such as chemical sensors, molecular switches and 
transistors [84]. The adsorbed molecules change the local carrier concentration in graphene 
one by one electron, and lead to step-like changes in resistance. The micro-sized graphene 
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thus can detect individual events when a gas molecule attaches to or detaches from its surface. 
Chemical sensors and non-volatile memories can be directly designed following this concept 
[85]. As conductivity is proportional to the product of charge-carrier density and mobility, it 
is evident that changes in the number density or mobility of carriers, or both, must be 
responsible for the change in conductivity [85]. However, the relative contributions of these 
two factors remain uncertain because different proposed mechanisms have yet to be 
reconciled. 
 
2.2.2.3 Optical properties 
The high-frequency conductivity for Dirac fermions in graphene has been stated to be a 
constant equal to πe2 /2h, from the infrared through the visible range of the spectrum [61]. 
The optical transmittance Topt and reflectance Ropt are then Topt = (1+1/2πα)−2 and Ropt = 
1/4π2α2Topt for normal incidence light (where α= 2πe2/hc ≈ 1/137, e is the electron charge, c 
the light speed, and h Planck’s constant); the opacity is (1 − T ) ≈ πα ≈ 2.3 % [61]. The 
expression of Topt and Ropt in terms of fundamental constants, that do not directly involve 
material parameters, is stated to be a result of the structure and electronic properties of 
graphene [86]. The refractive index of graphene was obtained as n∗ = 2.0 − 1.1i in the visible 
range, slightly different from that of bulk graphite n∗ = 2.6 − 1.3i [87]. Another study argued 
that the complex refractive index of graphene and graphite could be generally expressed as n∗ 
= 3 − iC /(3λ ) (where C = 5.446 µm−1 and λ is wavelength), by fitting to experimental spectra 
as a function of wavelength [88]. 
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2.2.2.4 Mechanical properties 
The mechanical properties of monolayer graphene including the Young’s modulus and 
fracture strength have been investigated by both simulation and experiment methods [89-94]. 
The Young’s modulus of few layer graphene was experimentally investigated with force-
displacement measurements by AFM on a strip of graphene suspended over trenches [92]. 
Circular membranes of few-layer graphene were also characterized by force-volume 
measurements in AFM [93]. Lee et al. measured the elastic properties and intrinsic breaking 
strength of free-standing monolayer graphene membranes by nanoindentation in an AFM [94]. 
They showed that defect-free monolayer graphene sheets possess excellent mechanical 
properties such as an elastic modulus of ∼1 TPa, a strength of ∼130 GPa, and a breaking 
strength of 42 Nm−1. This has led to the exploration of graphene-reinforced polymer matrix 
composites [95]. 
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3 Materials and methods 
3.1 Raw materials 
The alkali-resistant glass (ARG) fibres with an average diameter of 22 µm utilized in this 
work were manufactured by a continuous spinning process without sizing at Leibniz-Institut 
für Polymerforschung Dresden e.V.. Commercially available graphite flakes (the particle size 
< 100 mesh), sodium dodecyl benzene sulfate (SDBS), silica gels, CaCl2·6H2O, 
Ca(NO3)2·4H2O, Na2CO3, SiO2, ethanol and acetone were purchased from Sigma-Aldrich. 
Millipore water was used in all the experiments. Ionic surfactant SDBS was used to exfoliate 
graphite and disperse carbon nanoparticles. Commercial DGEBA-based epoxy resin (resin 
EPR L20 and hardener EPH 960 in a weight ratio of 100:34, manufactured by Hexion 
Specialty Chemicals Stuttgart GmbH) was used as polymer matrix in the present study. 
 
3.2 Preparation of solution with GNPs 
Preparation of a stable dispersion of carbon nanoparticles in a suitable solvent is a prerequisite 
for successful deposition. Normally, water is the most useful solvent, and with the help of 
surfactant, we can easily obtain the solution of GNPs in water. This method of preparing 
graphene is called liquid-phase exfoliation method [96, 97]. Compare with other method to 
prepare graphene solutions, such as the oxidation-reduction method based on Hummer’s 
method, chemical vapour deposition (CVD) method and electrochemical method, the liquid-
phase exfoliation method is more simple and effective to obtain GNPs/water solution [98-
100]. Thus, the preparing method of our work is as follows: firstly, 600 mg SDBS were 
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dissolved in 100 mL Millipore water. Then, 500 mg graphite was added to the solution and by 
sonicating in a low power sonic bath (35 kHz, 40 W, Sonorex RK31, BANDELIN GmbH, 
Germany) for 30 hours. Figure 3.1 shows the scheme of preparing process. Care must be 
taken as high bath temperature can lead to destruction of the graphene. The resultant 
dispersion was then centrifuged (Sigma 3K30, SciQuip Ltd, UK) for 40 minutes at 4000 rpm. 
After centrifugation, decantation was carried out by pipetting off the dispersion. A stable 
GNPs solution was obtained by collecting the upper dispersion. 
 
Figure 3.1: Scheme of the preparing process of GNPs solution (left) and the GNPs 
solution which is one year after prepared still shows Tyndall effect (right). 
 
3.3 Deposition method 
The micro-diameter-scale glass fibres have curved surface as coating substrates, which pose 
very difficulties for a well deposition of nanoparticles. It is well-known that it is hard to get 
uniform coating patterns due to the ‘coffee ring’ effect [101], even if the substrate surface is 
perfectly flat. The commonly observed ‘coffee ring’ effect is an interesting phenomenon that 
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a drop of coffee dries on a solid surface and in turn rings like deposits appear along the 
perimeter. It remains a grand challenge to develop a simple method to get uniform coating 
patterns on a curved solid fibre surface. 
 
 
 
 
 
 
 
 
Figure 3.2: Schematic diagram showing a) the ‘coffee ring’ effect; and b) the 
deposition process of GNPs onto a single glass fibre. 
 
Here, we used a simple GNPs deposition approach which based on fibre oriented capillary 
flow to suppress the commonly observed 'coffee ring' effect. As the Figure 3.2b shows, the 
glass fibres were placed on a glass slide with separated distance of a few tens of micrometres, 
and then a droplet GNP solution was dropped onto the glass slide and the imbedded fibres in 
the solution were coated with GNPs as water evaporated until the solution was dried at 
60 ℃.To see the deposition process clearly, we observed the deposition process by using a 
digital microscope (VHX-1000, Keyence, Japan).  The coated fibres were washed to get rid of 
most of the SDBS in subsequent rinsing steps with hydrochloric acid solution (pH = 3) and 
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Millipore water [97, 102]. Because of the capillary flow mainly on the lower surface of the 
glass fibre, which faces to the glass slide, the carbon nanoparticles are not equally distributed 
onto the whole fibre surface by a single step coating process. Accordingly, repeating the 
coating/ washing process 5 ~ 10 times, allows uniform surfaces obtained. Finally, the fibres 
were dried in a vacuum oven at 60 ℃ for 8 hours and stored under standardized air-condition 
(RH = 50 %, T = 23 ℃) for 15 days before the tests. 
 
3.4 Single fibre model composites 
The single filaments were picked from various fibre bundles and were mounted within a dog-
bone shaped silicone resin (PDMS) mould, then pouring the thoroughly mixed and degassed 
epoxy resin and curing agent in the mould. The samples were isothermally cured at 120 ℃ for 
10 hours and then slowly cooled down to room temperature. The dimensions of these 
specimens for tensile tests were 40 mm gauge length, 2.0 mm width, and 1.0 mm thickness. 
 
3.5 Characterizations 
3.5.1 AFM measurement 
The size and thickness of individual GNP particles were further characterized by AFM (a 
Digital Instruments D3100, USA). The thickness of individual GNPs was measured by the 
height differences through the contrast scale between the surface of the GNP and the mica 
substrate. The AFM test samples were prepared by depositing a drop of dilute GNPs solution 
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onto a mica flake, after the drop drying, washing the sample with Millipore water 3 times to 
get rid of surfactant, and then drying with vacuum oven at 60 °C. The AFM measurement 
condition is on 23 °C and 50 % RH. 
 
3.5.2 Raman spectroscopy 
Raman spectroscopy has become a powerful, non-invasive method to characterize graphene 
and related materials. It is used to determine the number and orientation of layers, the quality 
and types of edge, and the effects of perturbations, such as electric and magnetic fields, strain, 
doping, disorder and functional groups. To determine the number and orientation of layers, 
the quality (or the defects) of our GNPs, we measured Raman spectra (WITEC alpha300R, 
Germany, shown in Figure 3.3) of the GNPs and pristine graphite using a 532 nm laser for at 
least three different spots on each sample before normalizing and averaging the spectra.  The 
measurement condition is 23 °C and 50 % RH. 
 
 
 
 
 
 
Figure 3.3: Raman spectroscopy device of WITEC alpha300R. 
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3.5.3 Topographic morphology of graphene coating 
The morphologies of GNPs coatings on the glass fibre surface were investigated using an 
AFM (Digital Instruments D3100, USA) and a scanning electron microscope (SEM) (Ultra 55, 
Carl Zeiss SMT AG, Germany). The samples for SEM observation were coated by a 5 nm 
thick platinum layer. For AFM test running in tapping mode, a piezo stack excites a silicon 
cantilever’s substrate vertically at its resonant frequency with drive amplitude of 200 mV. As 
the cantilever is oscillated vertically, the reflected laser beam reveals information on the 
deflection of the cantilever and therefore indirectly or vertical height of the sample surface 
can be obtained. 
 
3.5.4 Single fibre electrical resistance 
The technique applied to operate and measure the electrical properties of a single GNPs-glass 
fibre has been realized, as schematically outlined in Figure 3.4, where one fibre bridges two 
Cu electrodes on an epoxy substrate with small gap distances of 1.0, 3.0 or 6.0 mm. Without 
using conductive silver paste, the fibre was assembled carefully along a narrow channel ditch 
on the relatively soft Cu electrodes, which was prefabricated by surface indentation using the 
same kind of glass fibre. In this configuration a large amount of GNPs on the fibre surface 
was forced to attach to the electrodes under compression. Besides the surface forces, van der 
Waals and capillary forces are enough to establish a sufficiently intimate electrical and 
mechanical contact between the GNPs and the electrodes [103]. Approximately fifty fibre 
specimens for each condition were measured. Two-point conductivity measurements were 
carried out with a Keithley 2001 multimeter (resistance measurements between 1µΩ and 1.05 
GΩ. Keithley Instruments, USA) for resistance values of the single GNPs-glass fibre. 
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Figure 3.4: Scheme of DC resistance measurement with GNPs-glass fibre. 
 
3.5.5 Contact angle measurements 
The contact angle is the angle, conventionally measured through the liquid, where a 
liquid/vapour interface meets a solid surface. It quantifies the wettability of a solid surface by 
a liquid via the Young’s Equation.  
If the solid-vapour interfacial energy is denoted by γSG, the solid-liquid interfacial energy by 
γSL, and the liquid-vapour interfacial energy (i.e. the surface tension) by γLG, then the 
equilibrium contact angle θ is determined from these quantities by Young's Equation (Figure 
3.5) [104]: 

 cos  = 
  
                             (3.1) 
 
 
 
Figure 3.5: Schematic of a liquid drop showing the quantities in Young's equation. 
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There are many methods to measure the contact angle, but the Wilhelmy balance method is a 
widely used technique that indirectly measures contact angle on a solid sample, especially for 
single fibre [105]. Based on Wilhelmy balance method, the tensiometer (Kruess K14, Krüss 
GmbH, Germany) is used to measure contact angle.   
Figure 3.6 is a schematic diagram showing a single-fibre contact angle measurement by 
Wilhelmy balance method. The fibre is positioned vertically in a holder suspended from the 
force sensor. A vessel containing the test liquid (here we use water, the surface tension of 
water is 72.4×10-3 N/m) is moved upwards towards the fibre from below. The contact angle 
between the fibre and the surface is detected automatically by a sudden jump in the measured 
force sensor value. During the further movement of the sample vessel the wetting force is 
measured as a function of the immersion depth. The detected force change on the balance is a 
combination of buoyancy and the force of wetting (the force of gravity remains the same). 
The wetting force f is defined as: 
! = 
 "cos                                         (3.2) 
where γLG is the liquid surface tension, p is the perimeter of contact line (i.e., the same as the 
perimeter of solid sample’s cross-section) and θ is the contact angle. Consequently, the total 
detected force change F on the balance is: 
# = 
" cos   $∆&'                              (3.3) 
where V is the volume of the displaced liquid, ∆ρ is the difference in density between the 
liquid and air (or a second liquid), and g is the acceleration of gravity. Thus, as long as the 
liquid surface tension and the solid perimeter are known, the contact angle value can be 
readily calculated. 
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The contact angle which is measured on the upward movement of the sample table is called 
advancing angle from the wetting phase. In our case, the single GNPs-glass fibres were pre-
treated by heating at 105 ºC for 12 hours in a vacuum oven. The measurement undergoes the 
condition of 23 ºC and 50 % RH. 10 single fibres were measured and the speed of movement 
is 0.1 mm/min. 
 
 
 
 
 
 
Figure 3.6: Schematic diagram showing a single-fibre contact angle measurement. 
 
3.5.6 Gas sensor  
The vapour sensing behaviour was investigates by recording the electrical resistance change 
of samples during cyclic flows of diluted organic vapour and dry air [106]. To ensure good 
electrical contact, the single GNPs-glass fibres for vapour sensing test were sputtered with 
gold to a thickness of about 60 nm on the two ends, the middle part of fibre (with a length of 3 
mm) was left uncovered. The specimen was in turn clamped between two plates coated with 
conductive silver paste (Acheson Silver DAG 1415M) serving as electrodes to obtain ideal 
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ohmic contacts between specimens and electrodes. The measurements carried out based on a 
self-made measurement setup which is illustrated in Figure 3.7.  
 
 
 
 
 
 
 
Figure 3.7: Scheme of experimental setup for the detection of the vapour sensing 
behaviour of single GNPs-glass fibre. 
 
A bubbler evaporation system was used to deliver the controlled concentration of volatile 
vapour to the detection chamber (25 mL) using dry air as carrier and diluting vapour. The 
temperature of the bubbler evaporation system was set to 25°C if not otherwise noted. The 
total flow rate was kept constant (500 cm3/min) by two mass flow controllers (MFC1 and 
MFC2) during the measurements. The concentrations of the volatile vapour (C), which are 
carefully controlled by two MFCs, were calculated by Equation 3.4, 
( = )*) + ,-,./0 + 100%                          (3.4) 
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where P is the input air pressure (which is atmospheric pressure in our system), and Pi is the 
saturated partial pressure of solvent at 25 °C (Table 3-1), fm and Fm are the mass flow rate of 
MFC1 and MFC2, respectively.  
 
Table 3.1: List of vapours tested with related properties (at 25 °C): molar volume, 
saturated partial pressure (Pi), saturated vapour concentration (Ci), and solvent 
polarity (ET N : normalized empirical solvent polarity parameter [107, 108]). 
Solvent Molar volume˄L˅ Pi (kPa) Ci (%) ET N 
Water 18.1 3.2 3.1 1.000 
Ethanol 58.5 8.0 7.9 0.654 
Acetone 74.0 30.6 30.2 0.355 
 
 
A Keithley 2001 multimeter (Keithley Instruments, USA) having a measurement range 
from10-6 to 109 Ω was used to monitor the electrical resistance change of the specimens. 
Resistance values were collected every 1 s. To compare the sensing properties of specimens 
independently of their initial resistance, the relative electrical resistance change (Rrel) was 
calculated by means of Equation 3.5, 
3456 = -7897:07: + 100% = ∆77: + 100%                  (3.5) 
where Ro is the initial resistance of the specimen in dry air; Rt is the transient resistance upon 
exposure to vapour at time t; and ∆R = Rt – Ro is the resistance change. The samples were 
tested at 25 °C in a series of organic solvent vapours including ethanol, water and acetone. 
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3.5.7 Relative humidity (RH) sensor 
An experimental setup was developed and shown in Figure 3.8a. Two-point conductivity 
measurements were carried out also with a Keithley 2001 multimeter (resistance 
measurements between 1µΩ and 1.05GΩ, Keithley Instruments, USA) to in situ monitor the 
DC electrical resistance changes for the single GNPs-glass fibre. The experiments of the 
resistance change with RH were carried out and repeated at least three times to assess the 
reproducibility by placing single fibre in a desiccator containing drying agent of silica gels 
(0.6% RH) or saturated solutions of different salts: CaCl2·6H2O (40% RH), Ca(NO3)2·4H2O 
(65% RH) and Na2CO3 (97% RH) in an air-conditioned room at 23.0 ± 1.0 °C.  
 
 
 
 
 
 
Figure 3.8: Scheme of the experiments of the resistance change with RH: a) under a 
static RH change condition; b) under a dynamic RH change condition. 
 
To demonstrate the extreme sensitivity of the single fibre sensor, we did an experiment under 
a dynamic RH change condition. We have fixed the fibre on a glass slide with conductive 
silver paste (Acheson Silver DAG 1415), and then put the single fibre in front of a human’s 
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nose at a distance of about 20 cm to monitor human breathing in order to recognize the 
electrical resistance change with human’s breath (Figure 3.8b). The sampling rate of the data 
acquisition is set as 5 points per second. Interference study was conducted that resistances 
were measured of the fibre upon repeated injection of high-purity CO2 and O2 (> 99%) at 
room temperature and atmospheric pressure. 
 
3.5.8 Temperature Sensor 
The experiments of the resistance change with the temperature for the single glass fibre were 
carried in an air tight chamber with a pure nitrogen gas source on a hot-stage (Linkam 
LTS350 Heating/Freezing, UK) from –150 ℃ to 30 ℃ with a heating rate of 1 K min-1. We 
have fixed the fibre on a glass slide with conductive silver paste (Acheson Silver DAG 1415), 
and then put the single fibre in the chamber. Two-point conductivity measurements were 
carried out also with a Keithley 2001 multimeter (resistance measurements between 1 µΩ and 
1.05 GΩ, Keithley Instruments, USA) to in situ monitor the direct current (DC) electrical 
resistance changes for the single GNPs-glass fibre. The sampling rate of the data acquisition is 
set as 1 point per second. To explore the influence of residual water, the fibres were also test 
after heat-treatment at 100 ℃ for 30 minutes and embedded in the epoxy resin for curing at 
120 ℃ for 10 hours. 
 
3.5.9 Thermal analysis 
Thermal analysis measure a material’s response to being heated or cooled. The goal is to 
establish a connection between temperature and specific physical properties of materials. 
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Differential scanning calorimetry (DSC) is the most popular thermal analysis technique. DSC 
is a technique in which the heat flow rate difference into a substance and a reference is 
measured as a function of temperature. It is a common feature of this technique that the 
various characteristic temperatures, the heat capacity, the melting and crystallization 
temperature and the heat fusion, can be determined at constant heating or cooling rates.  In 
our case, the ice melting temperature were measured by the modulated differential scanning 
calorimetry (MDSC) (Q2000 MDSC, TA Instruments, USA) at a temperature change rate of 
10 °C/min. For getting a suitable sensitivity, the heating rate of DSC measurement is 10 times 
with the heating rate of resistance results. To compare with the resistance results, the 
measurement temperature ranges from -100 °C to 40 °C.   
 
3.5.10 The interfacial adhesion strength test 
Microbond test 
The microbond (bead pull-off) test, which is interfacial shear methods developed in the mid-
1980s, is one of the most commonly and the easiest to perform method [109]. A very small 
amount of the epoxy resin with hardener was dropped on the single glass fibre (as control 
specimen) and GNPs-glass fibre by which several microdrops were made on the single 
filament. Then, the specimens were cured at 120 °C for 10 hours in a vacuum oven.  
Before test, we measured the diameter of the single filament d and embedded length between 
fibre and matrix le by an optic microscope (VH-Z100R, Keyence, Japan). The bead must be 
small enough to permit the fibre to pull out rather than break. Then the bead is restrained by 
opposing knife edges (as shown in Figure 3.9) and stripped off when a tensile force is applied 
to the fibre. 
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The IFSS is the force divided by the embedded area of the fibre. The fibre/matrix interfacial 
shearing strength τ was calculated by the following equation [109]. 
                           ; = /<=6>                                                           (3.6) 
where F is the pull-out force, d is the diameter of the single filament, and le is the embedded 
length between fibre and matrix as shown in Figure 3.9. 
 
 
 
 
 
 
 
Figure 3.9: Schematic diagram showing the microbond test. 
 
The microbond test is conducted by using the Favigraph semiautomatic fibre tensile tester 
(Textechno, Germany) equipped with a 100 cN load cell under the ambient condition (23 °C 
and 50 % RH). The gap width is about 30 µm for glass fibre and 40 µm for GNPs-glass fibre 
which are a few micrometres wider than the diameter of glass fibre monofilament, 22µm. The 
loading rate is 0.1 mm/min. At least 6 samples were test for each fibre. 
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3.5.11 Piezoresistivity of single fibre and single fibre 
composite 
To investigate the piezoresistive effect, the electrical resistance was recorded as the single 
glass fibre underwent uniaxial tensile or cyclic loading using the Favigraph semiautomatic 
fibre tensile tester (Textechno, Germany) equipped with a 1N load cell, according to DIN EN 
ISO 5079 and DIN 53835-2, respectively. Assuming a circular cross-section, a relation 
between the resonance frequency γ and the fineness σt at known pre-load Fγ and gauge length 
L is defined as [109, 110]: 
?@ 	= /BCDEE                                                        (3.7) 
The tests have a gauge length of 20 mm and a cross-head velocity of 0.2 mm min-1 for both 
loading and unloading, where fibre used for testing at 50 % RH and 23 ℃. To ensure good 
electrical contact, gold was sputtered to a thickness of about 60 nm on the two ends of the 
single GNPs-glass fibre; the middle part of fibre (with a length of 3 mm) was left uncovered. 
The specimen was in turn clamped between two plates coated with conductive silver paste 
(Acheson Silver DAG 1415M) serving as electrodes. 
A single fibre was mounted within a dog-bone shaped mould. A commercial DGEBA-based 
epoxy resin and curing agent (Hexion Specialty Chemicals Stuttgart GmbH) were thoroughly 
mixed and degassed prior to pouring in the mould as polymer matrix. The samples were 
isothermally cured at 120 °C for 10 hours and then slowly cooled down to room temperature 
with the dimension of 15 mm gauge length, 1.0 mm width and 0.3 mm thickness. The 
electrical resistance of the single fibre model composite under tensile load was monitored 
simultaneously with mechanical stress-strain behaviour (Figure 3.10). The stress-strain curve 
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was detected by FAVIGRAPH Semiautomatic Equipment (Textechno Company, Germany) 
with a test velocity at 0.2 mm/min. A Keithley 2001 multimeter (resistance measurements 
between 1µΩ and 1.05GΩ, Keithley Instruments, USA) was used for electrical resistance 
measurements, and the sampling rate of the data acquisition is set as 1 point per second. The 
ends of the samples and test grips were painted with silver paste in order to form an ohmic 
contact. 
 
 
 
 
 
 
 
 
 
Figure 3.10: Scheme of an experimental setup of electrical resistance measurement 
for the single fibre model composites subjected to tensile loading. 
 
 
 
 
- 42 - 
 
 
 
  
- 43 - 
 
4 Results and discussion 
4.1 Quality of graphene 
Although the liquid-phase exfoliation method is generally considered to be a scalable and 
highly effective method to produce high-quality, unoxidized graphene flakes from powdered 
graphite [96], we should characterize the quality of our self-made GNPs. There are many 
methods to characterize the quality of graphene, such as SEM, transmission electron 
microscopy (TEM) and AFM to determine the flake size and thickness [111]; Raman 
spectroscopy and X-ray photoelectron spectroscopy (XPS) to reveal the defects of graphene 
[96, 112]. To characterize the quality of our graphene flakes, we used the AFM and Raman 
spectroscopy to investigate the size, thickness and defects of our graphene flakes. 
 
4.1.1 Particle size and thickness 
Though the majority of the previous studies simply relied on a TEM analysis showing the 
presence of monolayers and few-layer stacks, we characterized the distribution of thickness 
and size of the exfoliated GNPs by statistical analyses of AFM images (Figure 4.1). The 
thickness values of individual GNPs follow an approximately lognormal distribution and are 
mainly distributed between 1 and 5 nm (in terms of layers: 2-10 layers). The size values of 
GNPs are distributed widely but mostly below 1×104 nm2; the mean grain size, defined as the 
square mean root of the grain area, is 2.1×104 nm2. From the AFM analysis, we know that the 
˂L/W˃ ≈ 2.5, where <L> is the mean flake length, and <W> is the mean flake width, so the 
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mean length of our GNPs flakes is about 230 nm. Thus, GNPs exhibit an anisotropic shape 
and irregular size with extremely large diameter/thickness aspect ratio.  
Figure 4.1: Statistical analysis of (a) GNP grain size and (b) measurement of GNP 
thickness. AFM images of GNPs deposited on mica at ambient conditions profiles 
along the red/green lines, indicates z ≈ 1 nm. Statistical analysis indicates that the 
square mean root thickness and grain size are 5.4 nm and 21169.8 nm2, respectively. 
Scale bars, 300 nm for (a) and 100 nm for (b). 
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The size and the thickness are two important parameters for the qualities of GNPs, GNPs 
preparation with certain size and thickness is very interesting and important. The <L> and <W> 
were previously observed to fall as t-1/2 as predicted for sonication-induced scission [113]. 
Since the concentration of GNPs (CG) has a square root relationship with sonication time: CG 
∝ t1/2 [114], we can obtain GNPs with certain size and thickness by controlling the sonication 
times which is 30 hours in our case. In addition, we can separate GNPs flakes by thickness 
and size using centrifugation after sonication [115, 116].  
 
4.1.2 Raman spectroscopy 
The preparation of GNPs with low concentration of defects is essential in applications where 
high electrical conductivity is required. As our procedure requires sonication for long times, 
the possibility of defect formation must be considered. To test this, we measured Raman 
spectra of the GNPs and pristine graphite using a 532 nm laser for at least 3 different spots on 
each sample before normalizing and averaging the spectra.  Three bands are significant: the D 
band (≈1350 cm-1), the G band (≈1600 cm-1), and the 2D band (≈2700 cm-1) [117].  
As Figure 4.2 shows, a broad 2D band indicates that our GNPs mainly possesses multilayers (> 
5 layers) and is in a good agreement with the AFM results. The D band gives evidence of the 
presence of defects, that is, either edges or topological defects in the sheet [114, 118].  We can 
quantify the defect level by the D-to-G band intensity ratio, ID/IG, which increases after the 
intensive sonication and deposition processes from 0.1 for the pristine graphite to 0.77 for the 
GNPs. The intensity ratio of GNPs is consistent with the typical values (0.35-1.4) reported in 
the literature, generally below those of r-GO, and fairly close to the restoring high-quality 
graphene from GO by defect repair [119, 120], which indicates that the concentration of 
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defects is relatively low in our GNPs. Besides, we assume that the occurrence of the D band 
may be ascribed to the edge defects associated with the aforementioned quite small lateral 
size of the GNPs, not necessarily all due to the defects in GNP flakes, implied possibly that 
the bodies of the flakes are relatively defect free [114, 120]. We also consistently observed 
quite sharp shape of the G peak (Figure 4.2), suggesting a low concentration of defects since 
higher disorder in graphite material would lead to a much broader G peak [121]. Together, 
these results indicate that the GNPs prepared by liquid-phase exfoliation method have high 
qualities, which is potential to be used as nanoparticle for smart coating. 
 
Figure 4.2: Raman spectra for GNPs deposited on a glass fibre and pristine graphite 
in the presence of disorder in the focal spot of the laser with excitation wavelength of 
532 nm.  
 
While Raman spectra of films deposited from the dispersed graphene showed a D band, it is 
very small compared with defective graphene-like materials [122]. This suggests the D band 
measured here to be associated with flake edges. Were this case, the average ratio of Raman 
D to G bands should scale as the flake edge to area ratio: ID/IG =˂L˃ -1 + ˂W˃-1. Study shows 
- 47 - 
 
that the relationship of the ratio of Raman D to G bands change and flake size can be 
described by the following equation [114]. 
-FG F⁄ 0-I0  -FG F⁄ 0JKL54 = ∆ FG F⁄ = 0.065P< R >9T+ 	< U >9TV          (4.1) 
From the AFM analysis, we know that the ˂L/W˃ ≈ 2.5, so ∆ID/IG ≈ 0.23/ ˂L˃. According to 
this equation, we can estimate the mean length ˂L˃ which is about 340 nm. This value is 
larger than the value of statistical analyses of AFM images which is attributed to the bigger 
sized GNPs tend to deposit after the smaller sized GNPs.  
 
4.2 Coating GNPs on glass fibre 
4.2.1 Deposition process  
To investigate whether the GNPs in oriented capillary flow can suppress ‘coffee ring’ effect, 
we first sought to deposit the GNPs onto a glass fibre surface to form an overlapping 
nanoparticle ‘skin’. As the water vapour is evaporating, the interface of GNPs solution with 
the glass slide is shrinking (Figure 4.3), as the red dashed line shows. The GNPs are carried to 
the solid-water interfaces (interface between glass slide and solution with GNPs and interface 
between glass fibre and solution with GNPs) as the blue arrow labelled by the fibre oriented 
capillary flow and in turn the formation of packed or arrested structures on the solid-water 
interfaces. The orientation takes place when the capillary force prevails over the outward 
coffee-ring flow by the geometric constraints [123], which prevents the suspended GNPs from 
reaching the drop edge and ensures uniform deposition. 
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Figure 4.3 Optical images of the deposition process to suppress the ‘coffee ring’ 
effect, each scale bar is 20 µm. The red dashed lines represent the liquid edges and 
the blue arrows represent the moving direction of GNPs (only the upper side were 
labelled). 
 
4.2.2 Morphology of the coating of GNPs 
To investigate whether our GNPs formed uniform and continuous coating on glass fibre after 
deposition, we used the optical microscopy, the field emission scanning electron microscopy 
(FESEM) and the AFM to observe the GNPs-glass fibre. Based on the optical microscopy 
observation, the colour changes from light grey to dark grey, which visually confirms that the 
GNPs are distributed efficiently on the whole fibre surface. FESEM images (Figure 4.4) show 
morphological changes on fibre surfaces in the absence and presence of GNPs deposition 
layers. We observed overall uniform overlapping deposition of GNPs layers with an ordered 
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arrangement of nanostructure on the whole glass fibre surface, which implies strong long-
ranged interparticle attractions between GNPs leading to layer-by-layer self-assembly.  
Interestingly, the nanostructured surface shown in AFM image (Figure 2b, right) is similar to 
the skin coverings of vertebrates, i.e., fishes with multilayers of overlapping tough scales 
providing a protective layer against physical/chemical attack. It is important to note that the 
“coffee ring” can hardly be recognized, which is attributed to the elongated flake shape of 
nanoparticles and the addition of ionic surfactant SDBS along the air-water interface causing 
the circulating radial Marangoni flows [124]. As mentioned above, the thickness values of 
individual GNPs follow an approximately lognormal distribution and are mainly distributed 
between 1 and 5 nm. The size values of GNPs are distributed widely but mostly below 1 × 104 
nm2; the mean grain size, defined as the square mean root of the grain area, is 2.1 × 104 nm2 
(in terms of diameter: 160 nm). Thus, GNPs exhibit an anisotropic shape with extremely large 
diameter/thickness aspect ratio. Taken together, our results provide support for the view that 
the anisotropic shape of the particles can deform air–water interface, producing interparticle 
capillary interactions and leading to the elimination of the “coffee ring” effect [125]. The 
deposition process has always been highly reproducible and more than a few hundred single 
fibres were well coated. 
All together, these results indicate that the continuously overlapping multiple structures 
contribute to a large number of physical contact points, which probably lead to form highly 
electrically conductive networks for electrons to flow. Thus, the electrically insulating glass 
fibre wears a carbon nanoparticle ‘skin’. 
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Figure 4.4: The morphology of (a) a single glass fibre with optic microscope image 
(left) and SEM image (right), the scale bars are 5 µm and 2.5 µm, respectively; and 
(b) a single GNPs-glass fibre with optic microscope image (left), SEM image (middle) 
and AFM image (right), the scale bars are 5 µm, 2 µm and 1 µm, respectively. 
 
 
b 
a 
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4.2.3 Electrical properties 
To investigate whether the overlapping nanoparticle ‘skin’ provides continuous electrical 
networks on a curved fibre surface, we successfully measured the DC electrical resistance 
along the fibre axis for about one hundred single fibre samples confirming the good 
repeatability and reproducibility of our deposition process. Figure 4.5 shows the resistance R 
of a single GNPs-glass fibre within a range of 105 up to 107 Ω, and the resistance increases 
with increasing electrode-electrode distance L. Accordingly, we can calculate the specific 
volume resistance ρglass of the fibre using the following equation: 
&W6XX ≈ =E7C                                          (4.2) 
where the coated glass fibres have an average diameter of d = 22 µm, the specific volume 
resistance is ≈100-102 Ω·cm. This value is in the range of carbon nanoparticles based 
composites (10-2-1010 Ω·cm) [126], approaching the highest conductivity values of graphene 
papers in literature (resistances: 10-3-10-2 Ω·cm) [127, 128]. The layer-by-layer overlapped 
GNPs on glass fibre surface look like a brick wall structure which is constructed through 
GNP’s point-to-point and top-bottom physical contacts. The thin networks of GNPs on the 
glass fibre surface possess typical thickness of a few tens to a few hundreds of nanometres. 
Compared to our previous work [12, 13], a lower specific volume resistance (higher specific 
conductivity) of the single fibre is achieved by the networks of nanoparticles deposited with 
the elimination of the ‘coffee ring’ effect, which is crucial for sensor applications. 
The highly electrically conductive ‘skin’ is attributed to (i) the low structure defects of GNPs 
in preventing the extensive surface modification based on the conventional oxidation–
reduction reactions and (ii) closely restacking between the nanoparticles during the self-
assembly process, as well as effects from van der Waals interactions. Thanks to the networks 
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of nanoparticles on fibre surface, long physical paths allow an electrical current to pass 
continuously along the fibre’s axis direction. The charge carriers (holes and electrons) 
responsible for the current are transported by a complex intrinsic electrical conduction process 
of tunnelling and hopping along nanoparticle interconnects.  
 
 
 
 
 
 
 
 
 
Figure 4.5: Characterization of DC electrical resistances for a single GNPs-glass fibre. 
The resistance R versus electrode distance L for a single GNPs-glass fibre. The 
illustration shows the electrically conductive networks.  
 
To better understand the GNPs formed electrical networks, we illustrate it with a variable 
resistor assembled to each current pathway in Figure 4.6. We consider that the measured 
resistance R describes the overall effect of single nanoparticle’s resistance RNP, the contact 
resistance Rcont and tunnelling resistance Rtun as the following equation: 
Contacts 
Tunnelling 
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3 = !-3Z), 	3[K\@ , 3@]\0                                 (4.3) 
According to the tunnelling model, the relation between resistance Rtun and tunnelling 
distance d can be written as [129]: 
3@]\ =  ^<_`Ea=Z ba=                             (4.4) 
Where X =4π(2mϕ)1/2/h, and h, L, N, A2, and ϕ are the Plank’s constant, the number of 
particles forming a single conducting path, the number of conducting paths, the effective 
cross-section, and the height of potential barrier between adjacent particles, respectively. 
 
 
 
 
 
 
 
 
Figure 4.6: The equivalent circuit model for estimating the resistance of GNPs formed 
electrical network. R1, R2, Ri represents a single nanoparticle’s resistance; 1, 2,  
mn represents the contact point/face; tunnelling effect results between adjacent 
particles in certain distance. 
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Obviously, a continuous electrically conductive network is realized in our GNPs-glass fibre, 
for that our GNPs-glass fibre achieves a higher specific conductivity in 6 mm. In addition, the 
resistance variation shown in Figure 4.5 is relatively small, which indicates that the GNPs 
formed a relatively uniform electrically conductive network. Thus, the electrically insulating 
glass fibre wears continuous and electrically conductive GNPs ‘skin’. 
 
4.2.4 Contact angle with water 
The Wilhelmy balance technique is an indirect force method which obtains contact angle from 
the measured surface energy/force. Since the measured force at any given depth of immersion 
is already an averaged value over the perimeter of the fibre. So, it does automatically give an 
averaged contact angle value that reflects the properties of the entire sample. In other words, 
the contact angle data often scatter significantly, such fluctuations are usually caused by 
surface roughness. What is more, the contact angle reflects the wettability of a solid by a 
liquid: the larger the contact angle, the poorer the wetting. So, we determined the contact 
angle of our single GNPs-glass fibre with water.  
Figure 4.7 shows the contact angles of single GNPs-glass fibres with water. The smoothness 
of the curve further supports that the GNPs formed uniform coatings on glass fibre. The mean 
contact angle value is 77.2 ± 9.8° which is larger than the value of glass fibre with water (45°) 
[130]. This value indicates that the wettability of water on GNPs surface is low, and the GNPs 
coating shows slightly hydrophobic property. Due to the GNPs prepared through a liquid-
phase exfoliation method lack hydrophilic functional group, the GNPs coating on glass fibres 
shows hydrophobic property. These results further support the Raman analysis that our GNPs 
are nearly without structure defects which result by oxidation. 
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Figure 4.7: Advancing contact angles of single GNPs-glass fibre with different water 
immersion length (position) during a dynamic condition. 
 
4.3 Gas sensor  
Sensing gas molecules is critical to environmental monitoring, control of chemical processes, 
space missions, and agricultural and medical applications [131, 132]. Solid-state gas sensors 
are famous for their high sensitivity which has made them universal in the world. In the past 
few years, a new generation of gas sensors have been demonstrated using CNTs and 
semiconductor nanowires [133-135]. It was reported that semiconducting CNTs could be used 
to detect small concentration of NH3, NO2, and O2 with high sensitivity by measuring changes 
of the CNTs conductivity upon exposure to the gasses at room temperature [136-138]. 
Recently, graphene, a carbon allotrope has attracted a great deal of interest due to its 
extraordinary electronic, chemical, mechanical, thermal and optical properties which gave 
graphene as the miracle material of the 21st century [139]. Ideal graphene is a single 
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monolayer of carbon. Such a structure is characterized by the largest ratio of the surface to the 
volume each carbon atom is a surface atom. Therefore, each atom can interact with the 
molecules and atoms of the external gaseous medium. Practically, most often carbon atoms in 
graphene form several monolayers. The intensity of the interaction of carbon atoms with the 
molecules of the external gasses varies depending on the type of bonds existing between them 
from relatively weak interactions of the van der Waals type up to strong chemical covalent 
bonds [85]. 
Interactions between carbon atoms in graphene with atoms or molecules of the external 
medium involve changes in the energy band structure of the graphene, and hence also changes 
of its electron structure, leading among others to changes of resistance [140]. Resistance 
sensors based on graphene (or its derivatives, viz. graphene oxide and reduced graphene oxide) 
belong to the most popular graphene sensors of gasses. Depending on the kind of the gaseous 
medium, the molecules of gas absorbed on the graphene surface may result both in an 
increased electrical conductivity of the structure and its decrease [141]. Changes of the 
electrical conductivity of the graphene surface are caused by changes in the concentration of 
electrons in the graphene, but also by changes in the mobility of electrons. Investigations 
indicate that the adsorption of molecules affects considerably the mobility, even to several 
orders of quantity [142]. 
Graphene exposed to the effect of the gaseous medium may electrically react to various 
gasses differently. Theoretical and experimental studies of gas molecular adsorption on the 
graphene surface have been reported [143], which showed that H2, NO2, H2O, NH3, CO and 
NO molecules are physically adsorbed on the pristine graphene: H2, NH3 and CO molecules 
will act as donors while H2O and NO2 will act as acceptors. The large sensor surface of the 
graphene layer as well as the accessibility of theoretically every carbon atom for molecules of 
the external gaseous medium involve the possibility of the formation of a high sensitivity of 
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the sensor structure based on graphene, additionally with a fast reaction of changes of 
electrical conductivity.  
Though there are some researches about the sensing properties of pristine graphene with 
common gasses, the sensing properties of solvent vapours are seldom studied.  Here, we study 
the sensing properties of our GNPs-glass fibre with three commonly used solvent vapours: 
water, ethanol and acetone. 
 
4.3.1 Solvent vapour sensor 
In order to describe the vapour sensing ability of these GNPs-glass fibres, the electrical 
resistance response of them exposed to solvent vapour pulses as a function of time was 
recorded. Figure 4.8 shows the typical real-time electrical resistance response of GNPs-glass 
fibre to saturated water vapour (saturated vapour concentration, Ci = 3.1%). Prior the 
exposure to the target analyte, the resistance was recorded for 100 s under dry air to get a 
stable initial resistance value (Ro). Then, the GNPs-glass fibre was exposed to a gas pulse of 
water vapour. Clearly, upon exposure to water vapour, an instant sharp increase of resistance 
was observed. Theory researches indicate the GNPs are doped when water molecules are 
adsorbed on GNPs surface, and the absorbed water molecules as electron acceptor withdraw 
electron from GNPs [143, 144]. The adsorbed water molecules on the surface of GNPs 
change the electron carrier concentration in the outer graphene layer, which is responsible for 
electrical transport, leading to the increase of electrical resistance. The relative electrical 
resistance change (Rrel) reaches a value of about 3 ‰ in about 10 s, and then the resistance 
almost has no change in tens of seconds. So, we observed platform-like resistance response in 
Figure 4.8 as the violet circles labelled. We attribute this resistance response to the water 
molecule’s adsorption and infiltration on overlapped GNPs coating. Firstly, the water 
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molecules are adsorbed on the edges and surface of GNPs at upper coating, this process 
shows a sharply resistance response, and then after the water molecules occupied all the GNPs 
at the upper coating, the water molecules infiltrate into the internal coating. This infiltration 
processes mainly take place at the edges of the overlapped GNPs after the adsorbed water 
molecules are supersaturated at the upper coating in tens of seconds. As the water molecules 
infiltrate into the internal coating more and more slowly, the resistance response more and 
more slowly.  
In addition, the resistance decreases during the following 300 s of exposure of GNPs-glass 
fibre in dry air. The recovery of the resistance starts after injecting of dry air into the detecting 
chamber. Then it takes another 20 s to get a 90 % drop of Rrel value. The sensor exhibited a 
response time of 150 s and a short recovery time of 20 s measured as the time take to reach 
90 % of the peak value and the time take back to 10 % of its bottom value, respectively 
(shown in Figure 4.8b). Compared with the literature results [145-148], our GNPs-glass fibre 
sensor shows normal response time but significant recovery time for water vapour sensing in 
the scale of seconds. Actually, the overlapped structure leads to our GNPs-glass fibre shows a 
long response time. We can conclude that if the coating layer is enough thin (one atom), the 
response time of GNPs can be few seconds. Finally, the resistance response curve shows 
slight hysteresis (1 ‰) to the initial resistance value (Ro) due to the remaining entrapped water 
molecules in the sample after the withdrawal of water vapour.  
To further verify the reliability and reproducibility of the obtained results the sensor response 
by alternating gas pulses of water vapour was recorded for six cycles. In order to have fair 
comparison of these materials to solvents vapours, the exposure time and recovery time were 
restricted to 300 and 300 s, respectively, for all gas sensing experiments (unless other-wise 
marked). As shown in Figure 4.8a, very consistent results with a maximum resistance signal 
(Rrel value of around 20%) are observed. It can be noticed that the signals are quite stable and 
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reproducible for all the cycles. All the resistance increase/decrease to almost the same level 
during the alternating gas pulses of diluted water vapour and dry air. This clearly indicates 
that our GNPs-glass fibre shows very repeatable response, a feature certainly desirable for a 
sensor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8: Typical electrical resistance response of GNPs-glass fibre to saturated 
water vapour (a), the violet circles labelled area shows platform-like resistance 
response; the response time and recovery time measurement (b), the green dashed 
lines are used to find the times. 
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We also studied the sensing properties of our GNPs-glass fibre with common organic solvents: 
ethanol and acetone. Figure 4.9 shows the typical electrical resistance response of GNPs-glass 
fibre to saturated ethanol vapour. The response time, recovery time and Rrel calculated from 
this curve are 160 s, 80 s and 65 %. Although the curve shows very consistent results with a 
maximum resistance signal (Rrel value is 65 %), and the signals are quite stable and 
reproducible for all the cycles,  however, the resistance response curve shows remarkable 
hysteresis (70 ‰) to the initial resistance value (Ro) due to the remaining ethanol molecules in 
the GNPS-glass fibre after the withdrawal of water vapour. So, this clearly indicates that our 
GNPs-glass fibre is not reliable for ethanol sensor. 
 
 
 
 
 
 
 
 
 
Figure 4.9: Typical electrical resistance response of GNPs-glass fibre to saturated 
ethanol vapour. 
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The reliability and reproducibility of the obtained results for the sensor response by 
alternating gas pulses of acetone vapour was recorded for ten cycles. Figure 4.10 shows very 
consistent results with a maximum resistance signal (Rrel value more than 45000 %, the 
resistance out of measurable range: 1.05 GΩ). It can be noticed that the signals are quite 
stable and reproducible for all the cycles. All the resistance increase/decrease to almost the 
same level during the alternating gas pulses of diluted acetone vapour and dry air. This clearly 
indicates that our GNPs-glass fibre shows very repeatable response and extremely high 
sensitivity, a feature certainly desirable for a high sensitive acetone sensor. 
 
 
 
 
 
 
 
 
 
Figure 4.10: Typical electrical resistance response of GNPs-glass fibre exposed to 
saturated acetone vapour. 
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Interestingly, for GNPs-glass fibre, an alternative function such as the electrochemical 
“switch” was found, where the electrical signals turn “ON” and “OFF” states with a variation 
of adsorption and desorption process. During the first cycle wetting, as shown in Figure 4.10, 
the resistivity of GNPs-glass fibre increase rapidly when exposed to acetone vapour, with Rrel 
value as high as 40000 % after 30 s, and then after dry gas in, the Rrel value went back to the 
initial value. However, the resistance jumps to “infinity” (out of measurable range, 1.05 GΩ) 
when GNPs-glass fibre was exposed to the acetone vapour again. That is, the GNPs networks 
are completely disconnected and the switch presents the “OFF” state. When the acetone 
vapours are desorbed from GNPs, the electron carrier concentration of the GNPs restores to 
initial status, and the switch turns into “ON” state. Therefore, the doping-dedoping of GNPs-
glass fibres during adsorption-desorption cycle’s results in the efficient “break-junction” 
(GNPs lost electron carrier concentration) mechanism, which provides the possibility to 
fabricate the electrochemical “switch” in a simple and unique way. 
 
4.3.2 Relative humidity (RH) sensor 
Water vapour is chosen for our study due to that it is not only a relatively common 
atmospheric constituent but also water molecules interaction with hydrophobic carbon 
nanoparticles attracts a great interest for potential application in gas sensing, semiconductor 
manufacture, air filter, corrosion, catalysis, and electrochemistry [143, 149-152]. Water 
vapour measurement or control is important for addressing structure safety, reliability, and 
durability from civil to aerospace engineering fields, because fundamental properties of 
concretes, plastics, and composites can vary largely with the adsorption of water vapour.  
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4.3.2.1 Static condition 
We investigated the sensing behaviour of the nanoparticle ‘skin’ as a function of RH under a 
constant temperature (23 ± 1 °C). The RH change is realized by placing drying agent or 
saturated solutions of different salts into a closed desiccator. We record the resistance at every 
relative humidity condition when the water molecules interacts with GNPs reach an 
adsorption-desorption equilibrium (in our case, we consider that a long time after placing the 
GNPs-glass fibre into a closed desiccator can reach this state), so we call it static condition. 
Figure 4.11 shows that the relative resistance change (ΔR/Ro) of the fibre is increasing with 
respect to RH: ΔR/Ro ∝ exp(bRH), where b is a positive constant, Ro is the initial resistance 
of the specimen (in this case under the condition of RH = 1 %), ∆R = R – Ro is the resistance 
change.  
 
 
 
 
 
 
 
 
Figure 4.11: Dependence of relative resistance change ∆R/Ro on relative humidity 
RH for single GNPs-glass fibre. 
GNP 
H2O 
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As a humidity sensor, our single glass fibre shows similar sensitivity compared with other 
sensors [145-148], which well surpasses the humidity sensing performance of carbon 
nanotubes [153]. This suggests that the water molecules, which are adsorbed on the carbon 
nano-particles surface under adsorption-desorption equilibrium condition, change the 
electrical properties of GNPs-glass fibre. Researches indicate that pristine GNP is a zero 
bandgap semi-metal [154] and exhibits a p-type semiconductor property when it is doped by 
water molecules [155]. The adsorbed water molecules work as acceptor to withdraw the 
electrons from GNPs, and in turn deplete the concentration of electrons on GNPs. The transfer 
of electrons from GNPs to water leads to the increase of GNPs-glass fibre resistance. 
We found that the changes of the resistance had an exponential relationship with the humidity. 
This is consistent with the previously reported exponential relationship for the CNTs-glass 
fibre [14]. With respect to our case of the ultrathin nature of GNPs networks on the fibre 
surface, the dependence of electricity on humidity is undoubtedly influenced by the 
adsorption of water molecules on GNPs, where the amount of water molecules are likely to 
correlate to the amount of water molecules adsorbed on the glass fibre surface. On the one 
hand, research indicates that GNP on a SiO2 substrate shows a tunable bandgap by the 
controlled adsorption of water molecules on the GNP surface [144]. The bandgap of GNP is 
increased by increasing absolute humidity. Since our GNPs are coated on the glass fibre 
surface, our GNPs have the same doping effect by water molecules. The higher absolute 
humidity, the bigger the bandgap and the stronger influence on GNPs resistance. On the other 
hand, research indicates that the moisture adsorption of the glass fibres as a function of RH 
shows a similar exponential relationship [14]. It seems reasonable to expect that the 
relationship of ΔR/Ro with RH will not be unique, but depend on the moisture absorption on 
surfaces of both GNPs and glass fibres. 
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4.3.2.2 Dynamic condition 
Next, it would be interesting to find out whether our single fibre can be used to test the 
dynamic response of flow with variable RH. We found that, for human exhaled breath, real-
time monitoring by recording the resistance R provides approximately a triangle wave for an 
individual breath pictured in the time domain (Figure 4.12a).  
Of note, the interesting observation of breathing cycles can be achieved at very small 
resistance variation ratio (∆R/Ro < 1 %, Figure 4.12a), in which the sensor demonstrates a 
sufficiently high signal-to-noise ratio (S/N) enabling for in-situ monitoring breathing 
frequencies. Moreover, we found a large variation in peak resistance values during the several 
cycles of exhalation/inhalation which is indicative of the complex and dynamic variation of 
the exhaled air associated with the flow rate, flow direction, and even area of mouth/nose 
opening with human breathing [156]. In addition, our GNPs-glass fibre shows fast response 
time to the breathing gasses with different breathing frequencies (Figure 4.12b).  
Besides, we also need to take into account that the exhaled breath is composed primarily of 
not only water vapour but also carbon dioxide, nitrogen and oxygen. To address this question 
we determined the resistance variation of the ‘skin’ to pure carbon dioxide and oxygen under 
the similar monitoring condition of human breathing. We found that the fibre sensors show 
much lower sensitivity (∆R/Ro < 0.5 %, near the noise level) to either carbon dioxide or 
oxygen flows (Figure 4.13). With respect to change in resistance response of the graphene 
sensor with time of exposure of CO2 and possible interference effects by protonation of the 
CO2 by water vapour, an increased amount of protonation would result in a decreased 
resistance rather than the observed increased one in our case [157, 158]. 
Similarly, a marginal increased temperature (< 10 ℃) need not be taken into account  because 
our glass fibre sensor is placed at a distance of 200 mm from one’s nose during the exhalation 
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process, would also result in a marginal decreased resistance (∆R/Ro < 0.5 %, Figure 4.14 and 
Figure 4.16) rather than the observed increase one in our case.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12: (a) Dependence of fractional resistance ∆R/Ro on time t for in-situ 
monitoring human breathing cycles of inhalation and exhalation using a single GNPs-
glass fibre. (b) In-situ monitoring human breathing cycles with different breath 
frequencies. 
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Figure 4.13: Electrical resistance changes associated with gases (CO2 and O2). 
Relative resistance change ∆R/Ro of a single GNPs-glass fibre upon repeated 
exposure to either (a) CO2 or (b) O2, respectively. The injection periods are for 5s at 
room temperature and atmospheric pressure during which time the resistances 
change marginally as shown. The arrow labels represent gas in. 
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Thus, the resistance variation of the fibre sensor to breathing gasses is evidential to be 
dominant by water vapour. This is also consistent to the reported work [159]. In practice, 
water vapour control is particularly required for human respiratory care system in medical 
applications. Because exhaled breath is fully humidified and carries a molecular ‘breathprint’ 
unique to each individual that possibly allows early detection and differentiation of lung 
cancer [160], the further development for an ideal fibre sensor for breath analysis should be 
sensitive at very low analytic concentrations [161]. 
 
4.4 Temperature sensor 
Temperature is one of the fundamental thermodynamic properties. It is a critical part of any 
process to measure accurate temperature. Accurate temperatures measurements are required in 
many fields; include medical applications, biological research, electrical or electronic studies, 
materials research, and thermal characterization of electrical products. A temperature 
measurement device which is also called temperature sensor used to measure the amount of 
heat energy that allow us to detect a physical change in temperature, producing either a digital 
or analogy output. It is estimated that temperature measurement accounts for 75 %-80 % of 
the worldwide sensor market.  
There are many different types of temperature sensors available that vary from simple on/off 
thermostatic devices to highly sensitive semiconductor types which can control complex 
process control plants. The two basic types of contact and non-contact temperature sensors are 
further classified into resistive, voltage, and electromechanical sensors. The three most 
commonly used temperature sensors include thermistors, resistance temperature detectors, and 
thermocouples. These temperature sensors differ from each other in terms of operating 
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parameters. For moderate temperature range applications, solid state sensors are also available 
which provide the advantage of easy interface and built-in signal conditioning. A thermistor is 
a temperature sensitive resistor that changes its physical resistance with the change in 
temperature. Due to the semiconductor material properties, thermistors have a negative 
temperature coefficient (NTC) or positive temperature coefficient (PTC). 
Since the GNPs have NTC effect [162], we studied how our single glass fibre coated with 
GNPs can be fabricated as a flexible micro temperature sensor. 
 
4.4.1 Temperature response of single GNPs-glass fibre 
We applied varying temperatures from –150 ℃ to + 30 ℃ to test whether the single fibre 
sensor was sensitive to temperature change. Figure 4.14 shows the NTC effect on GNPs-glass 
fibre based on monitoring resistance changes which reflects a typically semiconductive 
characteristic of our GNPs. The negative electrical temperature coefficient β can be computed 
using the following formula: 
∆7
7: = 	cd + e                                                   (4.5) 
where ∆R and Ro are definite as described above, T is the temperature and b is a constant. The 
absolute value of the electrical temperature coefficient β reflects the temperature sensitivity of 
the fibre. 
Normally, the resistance response of our GNPs with temperature mainly attributes to two 
effects:  firstly, the GNPs, which exhibit a strongly temperature-dependence (increase with 
temperature) but remain negative thermal expansion coefficient (TEC) along the in-plane 
direction in the temperature range from 200 to 400 K [163]. Thus, as the temperature 
increases, the GNPs flakes shrink in-plane direction, this shrink effect leads to contact 
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points/areas of GNP to GNP increase. So, the Rcont and Rtun decrease as the temperature 
increases. Due to the TEC of GNPs increase with temperature increase, the shrink effect is 
more and more weak as the temperature increases. So, we observed that the curve of 
resistance shows nonlinear decrease with temperature increase. Secondly, according to 
Cheianov and Falko’s theory, a negative linear T dependence of resistivity R in graphene 
described by the expression [164]: 
3 = 3f  - _5E0- Cghi_jEklmi0                              (4.6) 
where h is the Plank’s constant, e is the charge of an electron, EF is the Fermi energy, τ0 is a 
backscattering rate from atomically sharp defects in graphene lattice, which does not include 
Coulomb scatterers, υ is the velocity, and V0 is a characteristic interaction constant. Shao’s 
experimental investigation confirms this theory prediction [165]. Thus, the ∆R/Ro curves 
decrease with increasing temperature, exhibiting rather non-metallic behaviour. 
  
 
 
  
 
 
 
 
Figure 4.14: Electrical resistance changes associated with temperature. The blue 
dashed line is a linear fitting of the resistance change. 
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4.4.2 Phase change of trace water 
Notably, we observed a sharp increase of resistances of GNPs near the temperatures of –18 ℃ 
(Figure 4.14, 4.15). We proposed that this change is caused by the phase change of the trace 
water adsorbed onto fibre surfaces. When temperature approaches freezing conditions (0 ℃), 
importantly, the trace water (water vapour adsorption on the overlapping nanoparticle ‘skin’ 
as a result of ambient humidity) leads to a specific non-monotonous temperature dependence 
of the resistance. To explore this possibility, we examined the inflection point in heat flow 
curve of DSC test (Figure 4.15), which is highly consistent with the observed phase change 
temperature based on our single fibre sensor. 
 
 
 
 
 
 
 
 
Figure 4.15: Determination of the water phase change by the electrical resistance 
measurement (red curve) and DSC test with a plot of heat flow against temperature 
(light grey curve). The wine dashed lines are auxiliary lines used to estimate the 
phase change temperature through localizing the inflection point. 
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Moreover, we observed a much smaller peak in the curve after the GNPs-glass fibre has been 
subjected to a heat-treatment in an oven at 100 ℃ for 30 minutes for removing partly residual 
trace water (Figure 4.16). Furthermore, additional heat treatment and embedding of the GNPs-
glass fibres in epoxy resin under curing at 120 ℃ for 10 hours to get rid of residual trace 
water, no such transition in the curve was observed as expected, which shows monotonous 
temperature dependence of the resistance (Figure 4.14). The resistances of the single fibre 
senor increase during the ice melting process which can be explained by water doping in 
GNPs as described above. With further increasing temperature and melting all the ice, the 
resistance decreases again. These results demonstrate that our single fibre sensor can 
interestingly monitor the phase change of water vapour adsorption on solid surfaces. 
 
 
 
 
 
 
 
 
Figure 4.16: Dependence of relative resistance change ∆R/Ro of a single GNPs-glass 
fibre versus temperature: GNPs-glass fibre (red line), GNPs-glass fibre subjected to a 
heat-treatment at 100 ℃ for 30 min (green line) and GNPs-glass fibre subjected to a 
heat-treatment and embedded in epoxy curing at 120 ℃ (blue line). 
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Interestingly, the trace water adsorbed on GNPs interlayers can be called ‘confined water’. 
The physical properties and state of the confined water may vary widely depending on the 
molecular characteristics of the cavity surface and the confinement dimensions, as well as 
temperature and pressure. Such as the work of A. K. Geim indicates that a slightly irregular 
two dimensional square ice (Figure 4.17) forms between sheets of graphene 0.65 nm apart 
under ambient conditions [166]. It has a high packing density and is thought to exist under 
nano-confinement by many hydrophobic surfaces. However, this square ice is not the only 
two-dimensional ice phase when water is confined under pressure between flat plates [167]. 
Variable molecular arrangements form under different conditions especially when the 
confinement is on the nanoscale. Thus, the properties of the confined water are difficult to 
predict and may be very different from those of bulk water [168]. Though it is hard to predict 
what phase transition is at the current stage, this phase transition is meaningful scientific 
research to understand the physical properties of water and it can be recommended for further 
studies.   
 
 
 
 
 
 
Figure 4.17: Water in a graphene nanocapillary [166]. 
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4.5 Bio-inspired smart photonic structure 
Learning from nature has long been a source of bio-inspiration for human beings, particularly 
nature is a school for scientists and engineers to develop smart materials [169-180]. A 
biomimetic and bioinspired approach to materials has been being one of the most promising 
scientific and technological challenges in recent years. One way to take advantage of the 
emerging field of bio-inspiration is to study ideas and inventive principles from nature, and 
then apply them to engineering products. Up to now, a number of notable successes that have 
been achieved in engineering disciplines, such as Nylon or Kevlar inspired from natural silk 
or Velcro inspired by the hooked seeds of goose grass [181]. The study of the microstructure 
of lotus leaves has inspired rugose super hydrophobic or hydrophilic coatings [182]. The 
structural analysis of shark or dolphin skin has produced ‘riblets’, which are plastic films 
covered by microscopic grooves [183].  
Since biological systems show novel properties, such as mechanical properties, optical 
properties, because they fabricate a multiscale structures. A great deal of recent work has been 
devoted to fabricate multiscale composite structures for function integration [184]. In this 
work, we show that successive layer deposition offers better control of the material’s 
microstructure, which allows the multilayer coating work as optical sensors for non-
destructive testing. 
 
4.5.1 Structural colouration 
Structural colouration is the production of colour by microscopically structured surfaces fine 
enough to interfere with visible light, sometimes in combination with pigments [185]. The 
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figure 4.18 shows the structural colouration in nature. Structural colouration was first 
observed by English scientists Robert Hooke and Isaac Newton. It is caused by the interaction 
of light with nanoscale periodic structures, so-called photonic crystals (PhCs), has recently 
attracted considerable attention in a variety of research areas [186-188]. Structural colour has 
many characteristics that differ from those of pigments or dyes. The unique colours 
originating from the physical structures are usually iridescent or metallic and cannot be 
obtained by chemical dyes or pigments. Moreover, structural colour is brighter, more deeply 
saturated, free from photo-bleaching, and longer lasting, unlike traditional pigments or dyes. 
Incorporating structural colour in fabrics may revolutionize the eco-dying technologies in 
textile industries and, therefore, research in this area has attracted enormous attentions.  
 
 
 
 
 
 
 
 
 
 
Figure 4.18: Structural colouration in nature.  
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What is the physical principle behand the structural colouration? It causes interference by the 
light wave which was first explained by Thomas Young. Iridescence is a direct consequence 
of structural colour, which is the result of interference between reflections from two (or more) 
surfaces of thin films, combined with refraction as light enters and leaves such films (see 
Figure 4.19 (b)). The condition of interference can be concluded in the equation: 
2pq cos  ± r = mt                            (4.7) 
Where n2 is the refraction index of solid optic surface, d is the thickness, θ2 is the refraction 
angle, λ is the wave length of light and m is arbitrary integer.  
According to the above equation, the geometry determines that at certain angles, the light 
reflected from both surfaces is added (interferes constructively), while at other angles, the 
light is subtracted. The size and spacing of these structures pick out particular wavelengths 
from the full spectrum of sunlight. The hues are also often iridescent, changing, like magic, 
from blue to green or orange to yellow, depending on the angle at which we see the animal. 
And because the colours are produced just by reflecting light rather than absorbing some of it, 
as pigments do, they can be more brilliant.  
In this work, interestingly, we have found out that our coating of GNPs also shows structural 
colour (Figure 4.19c). Clearly, our GNPs-glass fibre shows structural colouration is attributed 
to the GNP coating on glass fibre which has periodically ordered structure. The typical atomic 
force microscope (AFM) image (Figure 4.19c) shows us a bioinspired lamellar structure 
formed by GNPs which is similar to the fish scales or the lamellar structure of nacre (Figure 
4.19a). Undoubtedly, our GNPs-glass fibre has similar mechanism with nacre to show 
structural colours. Due to the GNPs-glass fibre has a curved surface, most of the reflection 
light cannot go back to the optical microscope, and thus the colours only show on a narrow 
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arc area of GNPs-glass fibre. However, this bioinspired lamellar structure provides us a 
potential way to prepare smart materials within photonic properties by 2D flake nanomaterials.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.19: Scheme of the principle cause structural colouration. (a) Nacre and its 
SEM image shows laminated microstructure, scale bar 2 µm; (b) light wave 
interference on laminated structure; (c) GNPs-glass fibre surface: optic image (scale 
bar 10 µm) shows structural colouration and AFM image (scale bar 1 µm) shows 
laminated microstructure which looks like fish scales; (d) light wave interference on 
overlapped structure. 
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4.5.2 Structural colour tuning 
As aforementioned, photonic crystals have attracted extensive attention in the field of sensors 
because of their unique optical properties arising from their periodically ordered structure 
[189]. Most of the previous studies are limited to the colour tuning either by chemical or 
physical stimuli such as temperature, pH, solvent exchange, etc. [190-192]. However, these 
photonic materials remain poorly applicable for devices that possess a complicated force field. 
Micro- and nanoscale systems are currently driving a large portion of modern engineering 
research because of the impact these systems can have on scientific discovery and 
technological development. Accordingly, a fixable fibre sensor with hierarchical 
micro/nanoarchitectures that can detect the local stress/strain of the force field by colouration 
is highly demanded. Some recent attempts have been made for developing such 
mechanoresponsive colour tuning materials based on isotropic colloidal crystal array such as 
photonic gel, photonic crystal, and inverse opal sheet [193-195]. However, the reported 
methods cannot be in-situ used in composite materials. 
 
 
 
 
 
Figure 4.20: Chameleon (left) and the function of photonic crystals on structural 
colour tuning (right) [196].  
- 79 - 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.21: Structural colour tuning when a tensile force loads on GNPs-glass 
fibre/epoxy resin composite.  
 
Because our GNPs-glass fibre shows structural colour, we embedded our GNPs-glass fibre to 
study whether the structural colour responses to tensile load. As interestingly shown in Figure 
4.21, we observed a blue shift of structural colour when the tensile load increases. Although 
many studies focus on the optical mechanisms and tuneable methods of the photonic materials 
[186, 187, 197], we consider that it is important to explore the tuning of the photonic 
materials. The colourful appearances of these materials are mainly ascribed to the 
interferences and reflections, which can be described by the Bragg-Snell equation [198]: 
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t = 2u-p\5,,  cos 0                            (4.8) 
where λ is the wavelength of the reflected light, neff is the average refractive index of the 
constituent photonic materials, D is the distance of diffracting plane spacing, and θ is the 
Bragg angle of incidence of the light falling on the nanostructures. 
  
Figure 4.22: Correlation of GNPs coating thickness (D) and wavelength (λ) with 
tensile strain (ε). 
 
We can calculate the thickness of GNPs coating during tensile load respectively. When the 
strain ε is 0 %, θ is 90° and the λ is about 720 nm (compare the colour with standard spectrum 
of sunlight to get the wavelength λ), the neff is approximately the average refractive index of 
0 1 2 3 4 5
120
130
140
150
160
170
180
190
 λ= 720 − 4000ε
D = 180 − 1000ε
ε (%)
D 
(n
m
)
500
600
700
800
λ 
(n
m
)
- 81 - 
 
epoxy (∼1.4-1.6) and GNP (∼2.6), and then the calculated thickness is about 180 nm.  
Similarly, when the strain ε are 2.5 %, 4.0 % and 5.0 %, the observed corresponding λ are 
about 620 nm, 560 nm and 510 nm, the calculated thickness values are about 155 nm, 140 nm 
and 130 nm, respectively. Thus, the thickness shows linear relationship with tensile strain 
(Figure 4.22). 
As the Figure 4.23 shows, the thickness of GNP coating on glass fibre is around 200-500 nm 
without embedded into epoxy. When it is embedded into epoxy resin, the thickness decreases 
due to the fluffy layer structure formed by weak van der Waals force is compressed by epoxy. 
Similar tendency to reduce the thickness can be obtained by tensile loading on this single fibre 
composite, where the thickness decreases while the tensile force increases, and the λ decreases 
simultaneously causing the colour change. 
 
 
 
 
 
 
 
Figure 4.23: Cross section of GNPs-glass fibre. The coating thickness is around 200-
500 nm.  
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4.6 Mechanical performance 
4.6.1 Interfacial adhesion strength 
As we know, a hydrophobic surface shows low wettability with water, and even with polymer 
matrix. The low wettability leads to the weak interaction of a polymer matrix with 
hydrophobic fibre surface. So, we investigate the interfacial adhesion strength formed by the 
hydrophobic surface (GNPs) with epoxy resin by microbond test. 
One of the challenges associated with the microbond test is that the fibre is pulled out along 
the droplet without being broken. This requires control over the embedded length. For a 
successful pull out test without fibre breakage, the critical embedded length is given by Refs. 
[199] based on the following equation: 
v5 < wx=Cm                                            (4.9) 
where le is the embedded length, σf is the tensile strength of fibre, d is the fibre diameter, and τ 
is the interfacial shear strength (IFSS).  
For single glass fibre in our case, the σf is about 3 GPa, the d is 22 µm, and the τ is less than 
40 MPa [12]. We can estimate the embedded length le is less than 400 µm. As for single 
GNPs-glass fibre, this embedded length value (< 400 µm) is a reasonable value since the τ of 
single GNPs-glass fibre is expected less than the τ of single glass fibre. Figure 4.24 shows 
typical optic microscope images of single fibre specimen.  We can measure the parameters of 
the specimens, such as d and le of the bead formed at the single fibres, from these optical 
images.  
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Figure 4.24: Typical specimens of microbond test. Left) single glass fibre with d = 
25.74 µm, and le = 304.71 µm. right) single GNPs-glass fibre with d = 38.56 µm, and 
le = 290.43 µm. 
 
 
 
 
 
 
 
 
Figure 4.25: Typical diagram of pull out load F versus displacement L. The maximum 
load force in this diagram for glass fibre and GNPs-glass fibre are 74.04 cN and 
35.97 cN, respectively. 
- 84 - 
 
Figure 4.25 shows typical curves of pull out load F versus displacement L for the micro-bond 
test. We can get the pull out load F from these curves. We can calculate the τ according to the 
equation mentioned in section 3.5.10: 
; = /<=6>                                             (4.10) 
The Tables 4.1 and 4.2 show the results of single glass fibre and single GNPs-glass fibre 
respectively. From these tables, we can find that all the embedded length values are around 
300 µm, these values agree well with our estimation. In addition, as we expected, the GNPs-
glass fibre shows weaker IFSS compared with glass fibre. As mentioned above, according to 
the SEM and contact angle test, we can conclude that our GNPs formed uniform coating onto 
glass fibre. The GNPs overlapped deposited by a layer-by-layer way and formed wholly 
package structure on glass fibre surface. The GNPs formed novel overlapped coating by van 
der Waal’s interaction between GNPs with glass fibre or GNPs. This weak interaction is a 
reason for weaker IFSS. On the other hand, GNPs as a 2D carbon material show similar inert 
surface property as other carbon materials, such as CNT and CF due to their stable carbon to 
carbon bond structure (form sp3 or sp2 hybrid bond). These stable bonds lead to a weak 
interaction between carbon materials surface and other materials, such as water and epoxy 
resin. In our case, the GNPs prepared through a liquid-phase exfoliation method lack 
hydrophilic functional groups. Thus, the GNPs coating on glass fibres shows hydrophobic 
property and inert surface property. Based on the above reasons, we can conclude that our 
GNPs-glass fibre shows low wettability and weak IFSS due to the novel overlapped structure 
of GNPs coating and inert carbon surface of GNPs. 
Normally, the ballistic impact performance of a composite can be largely influenced through a 
strategic tailoring of the interface. Ensuring the integrity of the fibre-matrix bond is important 
to maintain structural integrity and improve load sharing between the fibres and the matrix. 
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However the debonding of the fibre-matrix interface as well as the post-debonding frictional 
sliding are important energy dissipating mechanisms that can be suitably tailored to improve 
the overall impact performance of the composite. 
  
Table 4.1: List of the microbond test of single glass fibre with related parameters: 
load force F, the diameter of the single filament d, S and the embedded length le. 
 F (cN) d (µm) le (µm) S (µm2) τ (MPa) 
1 65.25 27.54 290.39 25124.39 25.97 
2 58.24 21.30 254.41 17024.08 34.21 
3 74.04 25.74 304.71 24640.25 30.05 
4 94.92 35.61 287.46 32158.76 29.52 
5 79.11 28.63 267.67 24075.26 32.86 
6 62.38 23.13 264.32 19206.82 32.48 
Mean value 72.32 26.99 278.16 23704.94 30.85±2.97 
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Table 4.2: List of the microbond test of single GNPs-glass fibre with related 
parameters: load force F, the diameter of the single filament d, S and the embedded 
length le. 
 F (cN) d (µm) le (µm) S (µm2) τ (MPa) 
1 37.06 36.36 271.37 30998.14 11.95 
2 32.02 30.11 292.97 27713.02 11.56 
3 40.87 40.02 303.97 38217.10 10.69 
4 35.97 38.56 290.43 35182.64 10.22 
5 36.07 37.04 330.40 38446.86 9.38 
6 45.83 40.76 315.37 40383.54 11.35 
7 49.35 38.91 297.81 36404.11 13.56 
8 32.99 37.47 289.65 34096.29 9.67 
Mean value 38.77 37.40 299.00 35180.21 11.05±1.36 
 
4.6.2 In-situ mechanical sensor 
Since Thomson first reported on the change in resistance with elongation in iron and copper in 
1856, strain sensors have been widely fabricated by employing various metals and 
semiconductors [200]. Along with the consistent pursuit of low-cost and miniaturized devices, 
the traditional metals and silicon semiconductor faces challenges. Recent research of strain 
sensors is focused on nanoscale materials. One of the most compelling materials is the low-
dimensional carbon. CNTs and graphene are two newly discovered materials in the carbon 
family which have attracted enormous attention in recent years due to their outstanding 
mechanical and electrical properties for strain sensors. Compared to CNTs with the quasi 1D 
structure, graphene has an ideal 2D structure, thus has advantages in scalable device 
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fabrication via top-down approaches, which is compatible with the existing semiconductor 
fabrication technology. Compared with other material based strain sensors, this ultra-thin 
transparent graphene device is more suited for commercial use. 
As the interphase is the key factor of composite performance, its engineering build-up is being 
under spot of interest from both academia and industry. Properties of the interphase should be 
tailored on the basis of various parameters such as the locally prevailing stress field, possible 
environmental attack, service temperature, etc. Moreover, considering the fact that the 
dominating failure mode in fibre-reinforced polymer composites is debonding under 
transverse (to fibre axis) component of loading, its early detection and even its healing are 
highly desired. In order to early monitor internal microcracks of a material immense efforts 
have been made over the last decades. Experiments have been reported on embedding optical 
fibres, piezoelectric sensors/actuators as well as conductive fillers in polymer to check the 
variations of time-frequency, acoustic emission, Raman band shift signals and so on [201-
203]. However, an embedded sensor has detrimental effects on the integrity of the structure 
and the implementation of complex equipment remains a technical challenge for field 
application. [204, 205] To monitor the damage process of composite utilizing the 
semiconductive interphase, we attempted to embed the micro-scale GNPs-glass fibre as an in-
situ strain sensor. 
 
4.6.2.1 Single fibre piezoresistive performance 
Our single GNPs-glass fibre wears electrically conducting ‘skin’, so we wondered whether 
our conducting GNPs-glass fibre is sufficient to show similar piezoresistivity for strain 
sensing as CNTs-glass fibre [12-14]. The correlation of electrical resistance change ∆R/Ro, 
mechanical stress σ and strain ε was examined to evaluate the piezoresistive behaviour of 
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GNPs-glass fibres under stress up to fracture (Figure 4.26).  We found that the relative 
resistance change (∆R/Ro) of the fibre increases approximately linearly with tensile strain, 
which can also be empirically described as: 
                                                   y = T/ ∆77: + yK                                           (4.11) 
where Ro is the initial resistance of the specimen without applying stress, ∆R = R – Ro is the 
resistance change, and the parameter εo, refers to the initial strain for piezoresistivity effect of 
multilayers of GNPs.  
 
 
 
 
 
 
 
 
 
Figure 4.26: The relative resistance change ∆R/Ro and linear regression of a single 
GNPs-glass fibre during static tensile stress up to fracture. 
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GF is the strain sensitivity factor (or known as gauge factor), i.e., the relative change of 
resistance to the mechanical strain of strain gauge. In our case, the GF of our GNPs-glass 
fibre is more than 20, which is much larger than the commercial stains sensor (2.0-3.2) [206]. 
In general, the significant resistance change of GNPs on our glass fibre surface can be 
attributed to not only the stress dependent resistivity of the GNP geometrical structure, but 
also the stress dependent change of GNP-GNP interspace, contact area and density (junction 
point per unit volume), as well as associated tunnelling resistance. The locally high 
concentration of GNPs on our glass fibre surface can be considered as extensive nanopatelets 
overlapping, rather than being arranged in an end-to-end configuration. Previously, the 
percolation-based scaling rule, which accounts for the effects of network geometry change, 
suggests a linear resistance change with strain [207]. Thus, it might also be the dominant 
phenomenon in the present case. The tunnelling resistance effect, normally describing 
nonlinear strain-dependent resistance change, might not play a major role. 
 
  
 
 
 
 
 
 
Figure 4.27: The single GNPs-glass fibre response to cyclic tensile loading.  
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It should be noted that only below the very small strain level, εo ≈ 0.1%, the GNP structure 
could not be changed recognizably and the main part of GNPs on fibre surface does not 
undergo mechanical stress. In other words, the onset strain for piezoresistivity effect is 
extremely low in comparison with our previous work based on CNTs [12, 208], so that the 
single GNPs-glass fibre has high sensitivity even under small strain level. It is also important 
to notice that the final abrupt change in resistance at fibre break implies that the single GNPs-
glass fibre is able to in-situ sensing of damage in real composites at micrometre scale. 
Further insight into our single fibre sensing ability was gained from the response to cyclic 
tensile loading. The repeatability of the piezoresistive behaviour for a single GNPs-glass fibre 
was checked under a cyclic tension condition. Figure 4.27 shows the typical correlation of 
∆R/Ro, stress and strain of GNPs-coated glass fibre under stress to a fixed strain of 1.0 %. The 
∆R/Ro increases linearly upon first tensile loading and then decreases linearly upon unloading 
to a level above the initial zero value, the same as that for fibre strain. It indicates that a 
reversible deformation of GNPs-glass fibre occurred under the tensile stress, leading to the 
reversible change of the GNPs networks coated on the surface. Reloading causes a small 
variation of ∆R/Ro, and the subsequent cycles show relatively constant electrical resistance 
change with a small difference, indicating good reversibility and repeatability.  
In summary, all of the ∆R/Ro shows a highly linear change with almost the same slope upon 
tensile stress loading. These impressive characteristics indicate that our GNPs-glass fibres are 
perfect for use as strain sensors. Thus, these sensory fibres can be woven together with other 
fibres for smart textiles and wearable technology, for example to be used to monitor the 
motion of muscles and limbs for rehabilitative and telemedicine applications. Moreover, our 
GNPs-glass fibres can be used as integrated sensors or surface-mounted strain gauges to 
monitor crack initiation/propagation and strain/stress in different composite structures. 
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4.6.2.2 In-situ mechanical sensor for SHM 
As above mentioned, our single GNPs-glass fibre shows excellent piezoresistive performance, 
so we wondered that whether our GNPs-glass fibre can be used in FRP composites as in-situ 
mechanical sensor for SHM. In effect, SHM: i) allows an optimal use of the structure, a 
minimized downtime, and the avoidance of catastrophic failures; ii) gives the constructor an 
improvement in his products; iii) drastically changes the work organization of maintenance 
services. The improvement of safety seems to be a strong motivation, in particular after some 
spectacular accidents due to: i) unsatisfactory maintenance; ii) ill-controlled manufacturing 
process. On the other hand, since the end of the 1980s, the concept of smart or intelligent 
materials and structures has become more and more present in the minds of engineers. These 
new ideas were particularly welcome in the fields of aerospace and civil engineering. In fact, 
the concept is presently one of the driving forces for innovation in all domains. 
Thus, we embedded the single GNPs-glass fibre into epoxy resin to study the in-situ sensing 
property. Figure 4.28 characterizes the piezoresistive response of the composite with a single 
GNPs-glass fibre to the external loading. As it shows, the electrical resistance monotonously 
increases with the applied strain, behaving like a variable resistor. 
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Figure 4.28: (a) Simultaneous change of electrical resistance and tensile stress as a 
function of tensile strain for a single fibre/epoxy composite and (b) scheme of 
electrical network damage mechanism. 
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The slope of relative resistance change (∆R/Ro) curve is varied with strains, so we can divide 
this damage process into four typical stages. At the first stage, the relative electrical resistance 
nearly doesn’t increase until the strain increase up to approximately 0.2 %. This is caused by 
the multilayer structure formed electrically conducting networks in the interphase. At higher 
strains, the relative electrical resistance increases almost linearly proportional to strain up to 
approximately 2.0 %, caused by dimensional change of GNPs networks in the interphase. At 
the third step, the resistance-strain curve shows several different ranges jumping, as the 
selected red cycle curve shown in Figure 4.28, then exponentially proportional increases to 
strain, suggesting an irreversible resistance transition, associated with extensive concentration 
of stresses in interphases, increase of GNP-GNP interspace and loss of contact points. At the 
fourth stage, owing to the initiation and growth of microcracks in composite, the GNP 
networks nearby are completely disconnected and the resistance jumps to “infinity” (out of 
measurable range) at a strain of 6.0 %. Finally, the microcracks continue to propagate leading 
to the fracture of composite at a strain of about 6.1 %. Notably, we observed the electrical 
networks are damaged before the composite fractures, in addition, the novel resistance shows 
jump increasing when the strain is more than 2 %. Both of these phenomena can be used for 
early warning in composite damage. The micromechanisms of damage in composites have 
been extensively studied for decades and the interphase has always been recognized as a key 
region in the failure process. In our composites, the electric current only passes through the 
interphase region and both the fibre and the surrounding matrix remain electrically insulating, 
thereby the resistance change with stress can indicate the interphase destracting mechanism. 
As a consequence, the unique ability for detecting microcracks in an interphase using a GNPs-
glass fibre sensor is highlighted, whichever fibre or matrix breaks first.  
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Figure 4.29: The sensor response to cyclic tensile loading. The variation of electrical 
resistance with progressive increase of peak values of tensile strain/stress in a single 
fibre model composite. The green curve shows the steps increasing of strain/stress 
and resistance. The purple lines show a slight increase on both strain and resistance 
when the stress is more than 2 %. 
 
To further investigate the response of in-situ sensor to the interphase damage process, we 
monitored the resistance variation of the single fibre composite under cyclic loading three 
times with progressively increasing the strain peaks from 1 % to 5 % (Figure 4.29). The 
relatively large difference in deformation among each cycle highlights the accumulation of 
damage, which gives insight into the mechanism of resistance change. Clearly, when the peak 
of strain in the cycles is less than 2.0 % (in the range of linear stage, as aforementioned and 
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shown in Figure 4.28), the variation of resistance closely follows the strain which returns to 
the initial value after unloading. When the strain exceeds the value of linear stage, the value 
of resistance and the curve of strain reach nearly equally high values while the stress reaches 
the high value. However, the value of resistance and the curve of strain cannot go back to the 
initial value while the stress is zero. This suggests the occurrence of permanent structural 
deformation/damage of GNP networks caused by microcracks within the interphase. 
 
Figure 4.30: Morphology of GNPs-glass fibre/epoxy resin composite at the fracture 
interphases associated with fibre (left) and matrix (right) surfaces.  
 
At last, we observed the morphology of GNPs-glass fibre/epoxy resin composite at the 
fracture surface. As the Figure 4.30 shows, we can see clearly the layered structure of GNPs 
in the interface both on glass fibre and on epoxy resin. Furthermore, we can see the GNPs lost 
the contact point/face after the composite fracture. This result confirms the damage 
mechanism on the interphase, as above mentioned. 
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5 Summary and Outlook 
5.1 Summary 
In this work, graphene nanoplatelets have been introduced into the interphase between 
electrically insulating glass fibre and polymer matrix to functionalize the traditional 
composite. Owing to the distribution of network structure of GNPs, the interphase can transfer 
the signals about various internal change of material. Consequently, due to the novel bio-
inspired overlapping structure, our GNPs-glass fibre shows a unique opportunity as a micro-
scale multifunctional sensor. The following conclusions can be drawn from present research: 
• We prepared GNPs solution via a scalable and highly effective liquid-phase 
exfoliation method. This method produces high-quality, unoxidized graphene flakes 
from flake graphite. We control the thickness and size of GNPs by varying the 
centrifugation rate. 
• A simple fibre oriented capillary flow which can suppress ‘coffee ring’ effect to 
deposit GNPs onto the curved glass fibre surface. The GNPs form continuous fish 
scales like overlapping structure. 
• The electrical conductivity of our GNPs-glass fibre shows semiconductive property. 
The electrical resistance value scattering and the advancing contact angle value 
scattering indicate a uniform deposit structure. The uniform overlapping structure is a 
key factor for higher electrical conductivity compared with our previous work with 
CNTs. 
• The contact angles of our GNPs-glass fibre with water indicate that the GNPs are 
almost unoxidized, so the inert GNPs coating decreases the interfacial shears strength. 
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• A micro scale GNPs-glass fibre sensor for gas sensing is achieved by deposit GNPs 
onto glass fibre surface.  This sensor can be used to detect solvents vapours, such as 
water, ethanol and acetone. All these vapours work as electron acceptor when reacting 
with GNPs. The acetone shows the highest sensitivity (45000%) compared with water 
and ethanol.  
• The doping-dedoping of GNPs-glass fibres during adsorption-desorption cycles of 
acetone result in the efficient “break-junction” (GNPs lost electron carrier 
concentration) mechanism, which provides the possibility to fabricate the 
electrochemical “switch” in a simple and unique way. 
• The resistance of our GNPs-glass fibre shows exponential relationship with RH. This 
is attributed to two points. Firstly, the water vapours show similar exponential 
adsorption on carbon surface; secondly, the bandgap of GNPs increases with the 
increase of adsorbed water vapour concentration. 
• Due to the weak van der Waals interaction when water molecules are adsorbed on 
GNPs surface, our GNPs-glass fibre shows extreme fast response and recovery time 
with RH. It is potential for our GNPs-glass fibre being used to monitor the breath 
frequency.  
• Utilizing the negative temperature coefficient of GNPs, our GNPs-glass fibre can be 
used as temperature sensor with a sensing region of -150 to 30 °C. 
• Through the observed abnormal resistance change at a temperature of about – 18 °C, 
we discovered a phase change of the trance confined water in graphene layers. Based 
on the resistance change, we can study the interaction of water and carbon 
nanoparticles. 
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• The bio-inspired novel overlapped multilayer structure of GNPs coating shows 
structural colours. Even more, our GNPs-glass fibre can be used to monitor the 
loading force in the interphase when it is embedded into epoxy resin.  
• Our GNPs-glass fibre shows an excellent piezoresistive property, the single GNPs-
glass fibre shows a larger gauge factor than the commercial strains sensor.  
• The semiconductive interphase was formed when the GNPs-glass fibre was embedded 
in polymer matrix. This semiconductive interphase is very sensitive to the deformation 
of material, therefore, an in-situ strain sensor was manufactured to real-time monitor 
the microcracks in a composite instead of external sensors. The area of resistance 
‘jump’ increase can be seen as the feature area for damage’s early warning. 
• Monitoring the resistance variation of the single fibre composite was conducted under 
cyclic loading with progressively increasing the strain peaks in order to further 
investigate the response of in-situ sensor to the interphase damage process. The 
deviation of resistance/strain when the stress is larger than 2 % highlights the 
accumulation of damage, which gives insight into the mechanism of resistance change. 
 
5.2 Outlook 
Using the 2-D graphene material as smart coating on glass fibre as multifunctional sensor, 
bio-inspired multifunctional coatings and composite interphases are realized in this work. 
There are some task left and topics that should be concerned: 
• The interaction between water and carbon nanoparticles should be further studied. 
Especially the phase state of water under confined condition.  
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• Further study the integration of various sensors on macrocomposites to realize the 
SHM in composites materials.  
• Besides graphene, other kinds of nano-scale materials (Ag, MoS2, etc.) will be applied 
to achieve various additional functions, such as the self-healing of the coating.  
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